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Absolute  cross  sections  for  rotational  Reran  scattering  have  been  derived 
|  for  and  02  from  the  near  uv  tc  the  IR,  with  particular  attention  to  10. 6p, 
using  a  theoretical  extrapolation  of  data  obtained  ir.  the  visible. 

The  feasibility  of  remote  optical  ser.siny  using  near  lesonant  enhancement 
of  Raman  scattering  has  been  studied  by  a  search  for  such  enh«r, cement  iro.Ti 
C1F,  Cs 2>  and  Na^-  Enhancement  was  seen  from  Na  ,  but  the  signal  could  not  be 
clearly^demonstrated  as  Ranan  scattering. 


Use  of  resonant  effects  (Raman,  fluorescence,  or  absorption)  ir.  remote 
probing  requires  botn  a  narrow  line  and  high  power  from  a  tunable  laser. 
Injection  narrowing  of  high  power  f:  ishiamp-pcmped  oscillator  is  shown  to 
be  an  effective  means  to  obtain  a  narrow  line  at  reasonab.it  power.  Application 
of  the  Zig-Zag  Face-Pumped  laser  configuration  ro  dye  lasers  is  shown  to  provide 
a  high  brightness,  high  average  power  amplifier,  and  a  des. gn  basis  for  further 
development  has  been  establi shed. 
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Rotational  Raman  scattering  cross  sections  cor  and  in  the  infra-red 
are  desired  for  analysis  of  the  propagation  of  high  power  laser  radiation 
through  the  atmosphere ,  particuarlv  at  10.6  u.  While  direct  measurement  of 
these  cross  sections  is  difficult  due  both  to  their  small  values  and  to  experi¬ 
mental  problems,  accurate  measurements  ara  available  at  visible  wavelengths - 
The  theory  necessary  to  extrapolate  these  data  is  developed,  and  tabulated 
cross  sections  for  rotational  Raman  scatterina  are  presented  from  265  nm  in 

the  uv  to  10.6  um  in  the  IR.  Sin>  »  N  and  G„  are  homonaclear  diatonic  molecules 
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with  no  IR  absorption,  extrapo ration  across  absorption  bands  is  not  necessary, 
and  the  accuracy  is  expected  to  be  high.  This  work  is  described  in  detail  ir. 
Appendix  A. 

Since  the  scattered  wavelength  in  Raman  scattering  is  shifted  from  the 
incident  wavelength  by  an  amount  characteristic  of  and  dependent  on  the  scat¬ 
tering  species,  Raman  scattering  is  attractive  as  a  non-sampling  technique  for 
gas  analysis.  Theory  suggests  that  thi*  normally  weak  phenomenon  car,  be 
strong] v  enhanced  by  the  use  of  incident  wavelengths  which  are  tuned  to  be 
near  but  not  on  an  absorption  line  of  the  scattering  species.  If  this  enhance¬ 
ment  is  realizable,  then  resonance  Raman  scattering  offers  an  approach  to  re¬ 
mote  measurement  in  the  atmosphere  of  molecules  of  military  significance.  The 
small  tuning  range  of  presently  available  lasers  witn  adequate  wavelength  control 
limited  our  laboratory  investigation  of  this  enhancement  to  n  few  species.  In 
one.  Na^  vapor,  evidence  of  a  resonant  Raman  return  signal  was  found  but  a  clear 
demonstration  of  its  Raman-like  character  was  not  possible  within  the  scope  of 
this  work.  If  the  observed  signal  is  resonant  Raman  scattering  rather  than 
fluorescence  .  it  corresponds  to  an  enhancement  of  lougr.ly  1C’7  •-  ei  ordinary 
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vapor  and  Cl? 


Haman  scar  tiering.  The  other  two  species  investigated,  Cs^ 
gas,  proved  unsuitable  for  these  resonant  Hasan  scattering  studies - 

I'fear  resonance  Hasten  scattering  is  only  o res  of  several  approaches  to 
resote  optical  probing ;  others  including  absorption  ef  Hastsii  backscatter  iron 
arid  of  Hayleigh  backscatter-  ?.ll  such  retaote  pruning  techr igaes  with  high 
sensitivity  depend  on  the  availability  of  high  pulse  energy  tunable  lasers. 

The  asost  pr-x-iising  type  of  tunable  laser  is  the  dye  laser,  but  effective  use 
cf  a  dye  laser  requires  narrowing  of  its  normally  broad  spectral  output,  and 
then  tuning  ol  this  narrow  spectrum  to  the  desired  wavelength.  Conventional 
narrowing  techniques  involve  dispersive  cavity  eiesents  with  significant 
insertion  loss,  resulting  in  substantial  power  loss.  However ,  if  a  low  power, 
spectrally  narrow  beam  is  injected  into  the  laser  cavity  before  oscillation 
begins,  -.he  laser's  output  spectres  is  locked  to  the  injected  spectrua  without 
loss  of  power  In  this  program  an  injected  power  of  11  watts,  for  example,  is 
found  to  be  sufficient  tc  narrow  a  several  hundred  kilowatt  laser.  The  beam 
to  be  injected  is  readily  obtained  from  <*  low  power  dye  laser  which  can  be 
easily  narrowed  by  conventional  means.  Details,  of  this  work  are  in  Appendix  C, 

High  power  dye  lasers  are  of  potential  interest  not  only  in  remote  probing 
applications,  but  also  for  example  for  underoctan  use.  In  the  latter  case 
the  wavelength  match  to  the  ocean  window  and  the  high  peak  power  are  relevant, 
the  narrow  spectrum  and  tunafcility  are  not.  Such  high  pulse  energy  dye  lasers 
however  have  been  limited  to  low  repetition  rates,  one  pulse  every  few  seconds 
at  best,  due  to  thermally- induced  distortion  in  the  laser  cavity.  A  dye  Zig' 
Z-g  Face-Pumped  Laser  configuration,  designed  to  eliminate  this  distortion, 
was  founc  to  introduce  no  detectable  distortion  into  a  He/Ne  probe  beam  while 
operating  at  an  average  power  cf  1  kW  into  the  fl3shlanps.  Using  unpurified 
commercial  clye  and  r.o  special  quenchants,  an  average  output  power  of  over  me 
watt  was  obtained  at  three  pulses  per  second,  fhis  limit  was  imposed  by  dif¬ 
ficulties  with  the  flashlano  triggering  at  higher  repetition  rates,  not  by 
thermal  distortion.  Performance  analysis  indicates  substantial  performance 
improvements  can  be  obtained  by  straightforward  design  changes.  The  projected 
performances  of  ore  proposed  design  are  given  for  oth  oscillator  and  amplifier 
use.  Studies  on  the  dye  Zig-Zag-FPL  are  given  in  Aopenaix  D~ 


RAMAN  SCATTERING  STUDIES 


I .  INTRODUCTION 

Raman  scattering  from  molecular  gases  is  a  process  in  which  a  small 
fraction  of  light  encrqy  incident  on  a  gas  is  scattered  by  that  gas,  with 
the  wavelength  of  the  scattered  light  shifted  from  the  wavelength  of  the 
incident  light.  Tne  wavelength  shift  is  different  for  different  gases, 
and  the  scattering  at  each  gas'  characteristic  wavelength  is  proportional 
to  the  density  of  that  gas  and  independent  of  the  densities  of  any  other 
gases  present.  Thus  Raman  scattering  can  be  used  to  probe  for  the  presence 
of  one  or  more  species  of  interest  in  a  mixture  of  gases.  Although  Raman 
scattering  is  normally  a  very  weak  process,  enhancement  of  the  scattering 
cross  section  by  proximity  of  the  incident  wavelength  to  an  absorption  line 
of  the  scattering  species  is  expected.  Utilization  of  this  enhancement 
requires  a  light  source  which  can  be  tuned  to  an  appropriate  wavelength  for 
each  species  of  interest. 

In  Raman  scattering  processes,  a  ga?  molecule  simultaneously  absorbs 
an  incident  photon  and  emits  a  scattered  photon  while  undergoing  a  change 
in  its  internal  ex-  itation  energy.  The  energy  difference  betweon  scattered 
and  incident  photons  equals  the  energy  difference  between  the  initial  and 
final  states  of  the  molecule.  .  n  general,  scattering  occurs  at  «  number 
of  shifted  wavelengths  with  the  energy  shif3  corresponding  to  energy  level 
spacings  of  the  me  :cule.  There  are  two  general  categories  of  Raman  scat¬ 
tering  of  interest:  1)  rotational  Raman  scattering,  in  which  the  molecule 
changes  its  rotational  energy,  and  2)  vibr  ,* ional  Raman  scattering  in  which 
the  molecule  changes  its  vibrational  state.  A  third  category,  in  which  the 
molecule  changes  both  its  rotational  and  vibrational  states,  is  so  weak  that 
it  is  seldom  of  interest. 

Rotational  energy  level  spacings  in  molecules  are  usually  small  and 
therefore  the  wavelength  shifts  in  rotational  Raman  scattering  are  small. 

The  selection  rule  AJ  =  ±2  permits  molecules  in  states  with  J  ^  2  to  scatter 
at  two  wavelengths.  In  one  case,  AJ  ■  +2,  the  molecule  is  left  in  a  higher* 
rotational  energy  level  and  the  scattered  photon  energy  is  less.  The  scat¬ 
tered  wavelength  is  thus  longer  than  the  incident  wavelength  (stokes  scattering) . 
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For  the  t3  =  -2  process  the  scattered  wavelength  is  shorter  (antistokes  scat¬ 
tering)  -  These  two  scattering  processes  f res  rotational  states  low  enough 
to  he  significantly  populated  yield  a  series  of  nearly  equally  spaced  scat¬ 
tered  wavelengths  extending  about  two  or  three  nr-  (for  the  visible  wavelength 
region)  on  either  sice  of  the  incident  wavelength.  After  the  first  few  lines 
the  intensity  falls  off  raoidlv. 

Vibrational  energy  level  s pacings  are  usually  such  larger  than  the 
rotational  spaemgs,  and  at  ambient  temperatures  only  the  vibrational  ground 
state  is  normally  occupied.  Only  £v  =  ±1  processes  are  allowed  and  of  course 
only  tiv  =  el  can  occur  free:  the  arc  g  state.  Scattering  processes  raising 
the  soiecule  to  a  vib rationally  excited  state  yield  a  scattered  wavelength 
shifted  toward  longer  wavelength  by  an  amount  depending  cn  the  vibrational 
state  separation.  Shifts  as  large  as  100  na  occur  for  the  visible  wavelength 
region;  polyatomic  molecules  with  more  than  one  vibrational  mode  yield  multiple 
scattered  wavelengths.  Since  the  rotational  spacings  are  nearly  the  same  for 
the  upper  and  lower  vibrational  states,  these  scattered  wavelengths  are  nearly 
independent,  of  the  rotational  state.  The  vibrational  Raman  spectrum  thus 
consists  of  one  scattered  wavelength  for  each  vibrational  mode. 

The  work  in  this  program  was  divided  into  three  tasks.  The  first 
consisted  of  a  theoretical  extrapolation  of  rotational  Raman  scattering 
cross  sections  for  N2  and  O 2  across  the  spectrum  from  the  far  infra-red  to 
the  ultraviolet,  based  on  measurements  in  tha  visible-  This  calculation  takes 
into  account  the  frequency  dependence  of  the  polarizability.  The  second  task 
was  an  attempt  to  find  and  evaluate  resonance  enhancement  of  Raman  scattering 
from  a  few  molecules  whose  absorption  is  within  the  very  narrow  tuning  range 
of  existing  ion  lasers.  The  spectral  coincidences  which  are  necessary  severely 
limited  the  choice  of  molecules,  ar.d  this  effort  was  essentially  unsuccessful. 
In  the  trird  task  substantial  progress  was  made  toward  a  high  power  tunable 
laser  with  a  sufficiently  narrow  linewidth  to  be  useful  as  a  source  for 
remote  optical  probes  based  on  resonance  enhancement. 

II.  ABSOLUTE  ROTATIONAL  RAMAN  SCATTERING  CROSS  SECTIONS 

The  wavelength  dependence  of  Raman  cross  sections  is  often  taken  to  be 
4 

(1/A  )  where  \  is  the  scattered  wavelength.  This  is  only  an  approximation, 

P  R 

however,  and  for  high  accuracy  or  for  extrapolation  over  large  wavelength 
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intervals  the  wavelength  dependence  of  the  polarizability,  which  leads  to 
nore  complex  wavelength  dependence,  must  fce  taken  in  consideration.  The 
wavelength  dependence  of  the  polarizability  is  related  to  the  molecule's 
absorption  bands-  In  this  work  the  theory  is  developed  adequately  to  extra¬ 
polate  rotational  Ran  an  cross  sections  from  the  uv  to  the  far  IR  for  molecules 
which  do  not  have  any  IR  absorption  (i .e. ,  homonuclear  diatonic  molecules  such 

as  CL  and  N_) .  Co unled  with  absolute  cross  section  measurements  for  rotational 
z  z 

Raman  scattering  from  and  at  438  nm,  the  theory  yields  absolute  cross 
sections  over  the  same  wavelength  range-  These  results  for  N2  and  C>2  are 
tabulated  for  four  incident  wavelengths  from  265  nm  to  10-6  inn  in  Ref.  1 
which  is  included  here  as  Appendix  A.  This  appendix  also  gives  the  development 
of  the  theory  culminating  in  an  expression  which  can  be  used  for  other  mole¬ 
cules  with  no  IR  absorptions. 

III.  RESONANT  ENHANCEMENT  OF  RAMAN  SCATTERING 

Enhancement  of  Raman  scattering  due  to  proximity  of  the  incident  wave¬ 
length  to  a  single  isolated  absorption  line  of  the  scattering  species  was 
the  principal  interest  in  this  task.  If  the  incident  wavelength  is  too  close, 
or  if  the  incident  linewidth  overlaps  the  absorption  line,  then  absorption 
of  the  incident  power  will  occur.  This  absorption  will  be  followed  by 
fluorescence;  the  fluorescence  occurs  at  the  same  wavelengths  as  the  Raman 
scattering.  Although  much  stronger  than  resonant  Raman  scattering,  fluores¬ 
cence  is  not  c.s  useful  sirce  its  intensity  may  be  strongly  affected  by  other 
gases  present  due  to  collision  quenching  processes.  Thus  a  narrov, ,  tunable 
source  is  required  to  avoid  fluorescence  ir.d  obtain  resonant  Raman  scattering. 

Icn  lasers  can  be  operated  single-mode  and  tuned  within  the  gain  band- 

widths  of  their  available  lines.  In  this  manner  an  argon  or  krypton  ion 

laser  cir,  operate  with  a  bandwidth  of  <  10  nm  tuned  over  several  ion  lines 
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ir.  the  visible,  each  line  t  10  nm  wide.  Use  of  such  a  source  ’irnits  the 
molecules  suitable  for  resonance  studies  to  those  sjth  the  necess  "•y  spectral 
coincidences;  we  investigated  three  such  molecules;  C 1 F  Cs and 

V-;.  found  that  the  absorption  transitions  of  ClF  have  transition  proba- 
bilities  which  arc  .oo  small  to  contribute  meas  reable  enhancement.  The 
absorption  spectrum  of  Cs2  consists  of  lines  which  are  too  closely  spaced  to 
isolate  the  effects  of  any  single  line. 
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Sodium  molecules,  Na?,  appear  well  suited  co  resonance  studies  except 

for  the  experimental  difficulties  associated  with  reactive  raetal  vapors. 

With  the  laser  timed  off  an  isolated  »»=»  absorption  line  by  135-200  line- 
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widths  (of  the  absorption  line)  we  observed  a  signal  which  was  roughly  10 
larger  than  ordinary  Raman  scattering  would  be.  However,  we  were  unable  to 
demonstrate  that  this  signal  has  the  character  of  Raman  scattering  rather 
than  fluorescence,  due  to  the  difficulty  of  the  necessary  experiments.  With 
more  effort  than  was  possible  in  this  work  such  a  demonstration  can  probably 
be  made  using  tla^ .  The  details  of  our  investigation  are  given  in  Ref.  2 
which  is  included  here  as  Appendix  F.. 

As  part  of  the  program  in  resonant  Raman  scattering,  a  theoretical 
investigation  of  the  non-linear  suppression  of  scattering  due  to  high  beam 
pr  -v  in  the  approach  to  resonance  was  undertaken. 

In  the  study,  we  considered  the  scattering  from  a  single  molecule  for 
which  we  assumed  a  r ingle  quantum  model  of  three  levels.  Such  a  model  is 
germane  to  real  molecular  systems  providing  the  laser  source  is  close  enough 
to  an  individual  molecular  absorption  line  to  effectively  isolate  the  contri- 
buLxoj*c  of  that  line.  The  problem  as  posed  is  soluble,  but  proved  rather 
difficult  in  both  formulation  and  solution  as  it  involved  extensive  use  of 
field  theoretic  renormalization  theory  v;ith  the  evaluation  of  coupled,  self 
consistent  integral  equations.  The  problem  couples  the  sources  of  the  two 
level  quantum  self-induced  transparency  problem  with  the  added  complication 
of  Raman  channels. 

We  have  been  successful  in  understanding  the  formal  approach  and  have 
proceeded  towards  a  formal  solution.  However,  due  to  the  complexity  of  the 
problem,  more  time  would  have  been  necessary  to  reach  the  solution  than  was 
originally  anticipated.  Completing  this  effort  would  have  required  sacrificing 
part  of  the  theoretical  work,  directed  to  scattering  at  10.6  ym,  which  was 
considered  more  important. 

There  are  two  qualitative  conclusions  we  can  draw  from  our  study  prior 
to  completion.  First,  in  a  real  gas,  atmospheric-pressure-type  environment, 
pressure  broadening  effects  should  act  to  reduce  the  non-linear  effects.  Also, 
the  most  significant  power  effect  will  not  be  the  "single  molecule  self-induced 
transparency",  but  rather  the  self-induced  transparency  effect  caused  by  depletion 
of  the  lower  molecular  state  in  the  absorption  process. 
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IV.  TUNABLE  LASER  DEVELOPMENT 


The  most  promising  candidate  for  a  wide-range  tunable  laser  in  the  visible 
is  the  dye  laser.  For  most  dyes  these  lasers  have  optical  gain  over  a  wave¬ 
length  interval  several  tens  of  nm  wide,  and  the  entire  visible  portion  of  the 
spectrum  plus  parts  of  the  uv  and  IR  can  be  covered  using  a  number  of  dyes. 

This  property  simu 3 taneously  allows  operation  over  a  wide  range  of  wavelengths 
and  makes  operation  with  a  narrow  linewidth  difficult.  The  active  medium  is 
an  organic  dye  in  a  liquid  solution;  this  solution  is  very  susceptible  to 
thermally- induced  optical  inhomogeneities  and  the  resulting  distortion  at  high 
average  power  operation.  In  this  work  we  investigated  one  Droir.-s.ng  technique 
for  narrowing  the  emission  linewidth,  and  we  evaluated  the  performance  of  a 
dye  laser  configuration  designed  to  overcome  the  distortion  difficulties.  We 
found  that  the  line  narrowing  technique  gives  excellent  results  and  the  low 
distortion  design  works  very  well  indeed. 

The  most  direct  means  of  narrowing  the  linewidth  of  a  dye  laser  is  to 
introduce  into  the  cavity  dispersive  elements  which  have  large  losses  at  the 
undesired  wavelengths.  At  higher  pump  input  levels  larger  losses  are  necessary, 
and  line  narrowing  becomes  difficult,  furthermore,  the  dispersive  elements 
have  some  loss  at  the  desired  wavelength  and  reduce  the  output.  This  technique 
is  thus  not  suitable  for  high  power  operation.  In  this  work  we  investigate  a 
technique  in  which  a  narrow-linewidth  low  power  beam  is  injected  into  the  high 
power  dye  laser  cavity  before  the  pump  .mlse  begins.  When  the  flashlamp  pump 
pulse  rises  above  the  thre:'  old  pump  power,  the  high  power  laser  oscillation 
which  builds  up  is  locked  to  the  injected  beam  with  its  narrow  linewidth.  Little 
injected  power  is  needed  and  can  be  supplied,  as  in  this  work,  by  another  dye 
laser  operated  at  low  power  where  line  narr  ’ing  is  easy.  We  found  that  an  in¬ 
jected  power  of  11  watts  peak  is  sufficient  to  narrow  the  near-one-megawatt  peak 
power  of  our  high  power  laser  to  the  injected  linewidth.  We  emphasize  that  the 
high  power  laser  is  not  an  amplifier  but  is  a  second  oscillator;  operation  as  an 
amplifier  would  require  larger  power  from  the  first  oscillator  for  efficient 
operation.  Details  of  this  work  are  given  in  Ref.  3  which  is  included  here  as 
Appendix  C. 

The  configuration  for  eliminating  thermal  distortion  which  we  investigated 
in  this  work  is  based  on  a  General  Electric  design,  the  Zig-Zag  Face-Pumped 


5 


Laser,  which  was  originally  developed  to  reduce  thermal  distortion  in  Nd: 
glass  lasers.  Rather  than  attempt  to  eliminate  all  thermal  inhomogeneities, 
this  design  instead  uses  face  pumping  to  assure  that  each  optical  ray  propa¬ 
gating  parallel  to  the  axis  •  .thin  the  laser  aperture  traverses  the  same 
inhomogeneities,  and  a  high  degree  of  internal  self-compensation  for  the 
thermal  effects  is  automatically  obtained.  We  operated  a  dye  Zig-Zag  Face- 
Pumped  Laser  with  various  values  of  design  parameters  to  determine  the 
optimum  values,  measured  its  performance,  and  demonstrated  its  low-distortion 
properties.  We  were  unable  to  observe  any  distortion  and  achieved  an  average 
output  power  of  over  1  watt  at  three  pulses  per  second.  The  dye  solution 
was  Rhodamine  6G  in  ethanol  at  10  ^M,  and  the  output  wavelength  was  595  nm. 

An  analysis  is  presented  which  agrees  with  the  measured  performance  and  can 
be  used  to  calculate  the  expected  performance  of  future  designs.  While  the 
efficiency  of  this  present  version  is  only  0.04%,  this  can  be  readily  improved 
'j-f  straightforward  design  modifications.  Details  are  in  Ref.  4  which  is  in¬ 
cluded  here  as  Appendix  D. 
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V.  REMOTE  DETECTION  OF  THE  OH  RADICAL 

As  an  example  which  illustrates  the  potential  capabilities  of  remote 
probing  systems  using  tunable  lasers,  we  consider  the  problem  of  detecting  0H“ 
in  a  rocket  exhaust  one  meter  in  diameter  at  3000°K  with  a  1%  0H~  concentration. 
We  consider  two  techniques,  one  based  on  Raman  scattering  and  the  second  based 
on  absorption  of  returned  Rayleigh  scattering,  and  we  consider  detection  at  a 
range  of  100  km. 

The  number  N  of  scattered  photons  collected  by  the  receiving  optics,  of 
solid  angle  Cl,  per  laser  pulse  of  energy  E  is 

E  H  £  a  fi  T  T 

h- - £-£ 

h  v 


where  H  is  the  density  of  scatterers,  £  is  the  scattering  length,  o  is  the 

scattering  cross  section,  hv  is  the  scattered  photon  energy,  T  is  the 

L 

atmospheric  transmission  at  the  laser  wavelength,  and  T  is  the  transmission 

s 

at  the  scattered  wavelength. 

The  0H~  radical  has  a  prominent  absorption  band  near  306. a  nm.  Let  us 
take  our  incident  wavelength  here;  the  scattered  wavelength  is  then  344.0  nm. 
Then,  taking 


E  =  1  J, 
h  =  2.5  x 
l  =  1  m, 

Cl  =  6.3  x 

C  »  4.2  x 
hv  =  5.8  x 


1016  molecuies./cm^, 

-12 

10  ,  assuming  a  1  meter  diameter  collection 

aperture , 
ln~30  2 

10  cm  ,  assuming  cQH  «  ,  and 


Then 


N  =  1.1  x 

If  we  assume  an  enhancement  of 


-4 

10  T  T  photons  per  pulse. 
Li  S 

106,  then 


N  =  110  T  T  photons  per  pulse. 

Lj  s 

Thus  ordinary  Raira^  s  attering  is  much  too  weak,  while  resonant  Raman 
scattering  is  marginal  even  assuming  a  generous  enhancement.  Over  our  assumed 
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100  km  distance  T  and  T  will  be  small  under  most  atmospheric  conditions  in 

Li  S 

the  lower  atmosphere,  but  they  may  be  large  in  the  upper  atmosphere. 

The  second  technique  is  based  or  comparing  the  Rayleigh  (or  Mie)  scattered 
return  from  the  region  beyond  the  ext _ust  for  two  wavelengths,  one  of  which  is 
absorbed  by  the  OH  radical.  If  the  two  wavelengths  are  very  close  together, 
the  attenuations  due  to  processes  other  than  OH  absorption  will  be  equal,  and 
the  difference  in  the  return  signal  is  due  to  the  absorption  of  the  outgoing 
beam  and  the  return  scattering. 

Let  us  send  our  pulse  out  and  not  open  our  detector  shutter  until  light 
scattered  from  the  region  beyond  the  exhaust  is  arriving.  If  we  leave  the 
shutter  open  for  5  „s,  the  effective  scattering  length  is  1.5  km.  (for  5  ns 
c'ye  laser  pulse  this  is  the  range  resolution;  we  could  use  longer  gate  times 
and  collect  larger  signals  or  reduce  the  laser  pulse  duration.)  We  observe  the 
Rayleigh  scattering  from  this  scattering  length  beyond  the  exhaust  for  trans¬ 
mitted  two  wavelengths.  The  return  signal  is 

„  -  2 
E  Hi  Ofil. 

N  =  - L- 

h  v 


where  the  symbol  are  defined  above.  We  use  a  wavelength  of  306.63  nm  for 
reasons  given  below.  Then 


Then 


19  3 

k  =  2.5  x  10  molecules/cm  assuming  the  scattering 
is  from  air  at  one  atm. , 

5 

f.  —  1.5  x  10  cm, 

M  2  y  2 

a  =  6  x  10  cm  ,  and 
h  v  -  6 . r  x  10  19  J. 

N  =  2.2  x  105  TL2. 


Thus  the  return  signal  is  substantial ly  larger  than  for  the  resonant  Raman 
scattering  case.  We  note  that  the  return  signal  will  often  be  much  larger 
than  this  value  due  to  Mie  scattering,  scattering  from  clouds,  or  from  the 
earth’s  surface  beyond  the  exhaust  plume. 


The  absorption  cross  section  of  0H~  at  3000°K  changes  by  over  102  in 
a  wavelength  interval  a  small  fraction  of  a  nm  wide  at  306.63  nm.  At  a 
frequency  of  32,603.31  cm  *  the  absorption  cross  section  is  6.65  cm-^  atm”^. 
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For  the  1  meter  diameter  1%  0H“  rocket  exhaust  under  consideration  the  absorption 
at  this  wavelength  across  the  center  of  the  exhaust  is  49%.  If  both  the  out¬ 
going  beam  and  return  scattering  traversed  the  center  the  net  transmission  would 
be  only  26%,  while  a  wavelength  longer  by,  say,  0.05  nm  would  be  essentially 
completely  transmitted  (over  99.9%).  Of  course,  in  practice  only  a  fraction 
of  the  outgoing  beam  and  scattered  light  would  cross  the  plume  since  the  beam 
diameter  would  be  larger  than  our  1  meter  plume,  so  the  signal  difference 
between  these  wavelengths  would  be  less.  The  signals  are  so  large,  however, 
that  small  differences  could  be  detected. 

VI.  RECOMMENDATIONS  FOR  FURTHER  WORK 

Remote  sensing  techniques  offer  attractive  capabilities  for  military 
intelligence  applications.  To  achieve  sensitivities  and  ranges  of  interest, 
clearly  some  resonance  phenomena  will  be  employed.  Not  only  is  high  average 
power  in  a  tunable  laser  source  therefore  required,  but  also  minimum  beam 
divergence  is  essential  for  examination  of  localized  remote  scattering  volumes. 

The  dye  Zig-Zag  Face-Pumped  Laser  has  these  characteristics,  and  it  is 

recommended  that  such  a  laser  be  developed  to  a  more  nearly  optimal  design. 

2 

The  3x3  cm  aperture  tested  in  this  program  is  appropriate  for  a  power  ampli¬ 
fier  stage,  but  a  driver  is  required  with  correspondingly  good  optical 
characteristics  and  a  power  output  sufficiently  high  to  enable  operation 
under  near  saturated  gain  conditions. 

A  preliminary  design  of  such  a  smaller  aperture  device  has  been  developed 
based  upon  data  taken  in  this  program.  Design  characteristics  are: 

2 

•  1x3  cm  aperture,  three  pass  configuration 

•  Same  coupling  configuration  and  hence  efficiency  as  present  module 

•  Three  times  as  many  dye  channels  in  the  same  length  module  and  therefore 
three  times  the  gain  per  pass 

•  Input  and  output  beam  on  opposite  ends  for  experimental  convenience 

•  Good  area  efficiency  with  a  beam  diameter  of  0.9  cm,  appropriate  for 
an  oscillator  with  low  beam  divergence 

As  an  oscillator,  based  upon  measurements  made  on  the  present  module,  and  using 
the  sa.ae  pump  parameters,  we  expect: 
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Threshold,  147  J, 


•  Slope  efficiency  with  a  1.0  cm  diam  beam,  0.5%, 

•  Output  energy  wirh  500  J  to  the  flashlamps,  1.7  J, 

•  Point  efficiency,  0.34%,  and 

•  Average  power,  at  5  pps,  8.5  W. 

With  this  output  energy  from  the  oscillator,  an  identical  module  may  also  be 
used  efficiently  as  a  three  pass  amplifier,  where  we  expect: 

•  Net  small-signal  gain,  9.2  db, 

•  1  J  per  pulse  added  for  an  input  signal  greater  than  0.3  J, 

•  From  0.22%,  to  0.3%  efficiency  as  an  amplifier,  for  inputs  of  0.3 
to  3  J,  and 

•  From  an  oscillator-amplifier  combination,  up  to  2.7  J  output  for 
1000  J  pump  energy 

Alternative  configurations  are  feasible  if,  for  example,  a  shorter  pulse 
duration  is  desired. 

The  efficiency,  high  peak  and  average  power,  and  low  divergence  of  this 
dye  laser  suggest  applications  such  as  to  under  ocean  sensing  and  illumination 
where  tuning  and  narrow  line  widths  are  not  necessarily  required.  For  remote 
probing  as  considered  elsewhere  in  this  report,  the  high  power  dye  Zig-Zag-FPL 
oscillator  would  be  well  suited  to  use  in  conjunction  with  a  low  power  oscillator 
in  an  injection-narrowed  configuration. 

It  is  recommended  therefore  that  a  smaller  aperture  DZZ-FPL  be  designed 
and  tested  both  as  an  oscillator  and  as  an  amplifier.  Following  this  demonstra¬ 
tion,  a  laser  system  of  one  or  several  modules  could  be  assembled  as  deliverable 
hardware . 
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An  extrapolation  procedure,  based  upon  the  funda¬ 
mentals  of  light  scattering  theory,  has  been  developed  to 
predict  the  frequency  dependence  of  rotational  Raman 
cross  seciions  for  molecules  not  having  allowed  infra-red 
absorptions.  The  method  incorporates  the  frequency 
dependence  of  the  polarizability.  Specific  application  is 
made  to  the  atmospheric  constituents  Na  and  Oa ,  where 
the  absolute  rotational  Raman  cross  sections  measured 
it  488  nm  have  been  used  with  this  extrapolation  proce¬ 
dure  to  obtain  cross  sections  for  the  different  rotational 
transitions  at  10.  6  pm,  1.06  pm,  488  nm,  and  265  nm. 
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ABSOLUTE  ROTATIONAL  KAMAN  CROSS  SECTIONS 


FOR  N2  AND  02  FROM  THE  FAR  INFRA-RED  TO  THE  ULTRAVIOLET* 

S.D.  Silverstein 

I.  INTRODUCTION 

An  accurate  determination  of  the  absolute  cross-section  for 
rotational  Raman  scattering  from  atmospheric  constituents  for  a 
broad  range  of  pump  frequencies  is  often  desired  for  a  variety 
of  reasons  ranging  from  diagnostics  to  estimation  of  threshold 
conditions  for  nonlinear  processes.  Laboratory  measurements 
are  typically  made  at  frequencies  which  optimize  detection  sensi¬ 
tivity  and  system  stability,  and  these  frequencies  are  usually 
in  the  visible.  If  one  desi  es,  for  example,  an  absolute  cross 
section  in  the  infra-red  at  the  CQ2  laser  wavelength  of  10.6pm, 

a  direct  laboratory  measurement  of  cross  sections  would  be  very 

-A 

difficult  since  a'v-A  ,  and  infra-red  detectors  dc  not  have  sensi¬ 
tivities  comparable  to  detectors  in  the  visible.  In  this  work 
we  develop  a  theoretically  based  extrapolation  procedure  to  obtain 
rotational  Raman  cross  sections  from  the  infra-red  to  the  ultra¬ 
violet  for  N2  and  C>2  using  absolute  measurements  of  these  cross 
sections  in  the  visible. 

In  addition  to  the  predominant  atmospheric  constituents  N2 
and  02»  there  are  also  the  polyatomic  molecules,  CC>2  and  water 
vapor,  in  relatively  small  quantities.  Both  of  these  species 
have  absorptions  in  the  infra-red  associated  with  the  presence 
of  permanent  electric  dipole  moments  for  particular  states  of 

*  This  research  was  supported  by  the  Advanced  Research  Projects 
Agency  of  the  Department  of  Defense  and  was  monitored  by  ONR 
under  Contract  No.  N0014-72-C-0503 . 
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the  molecules.  The  effect  of  these  allowed  infra-red  transitions 
on  rotational  Raman  scattering  (RRS)  in  the  visible  is  highly 
suppressed.  They  should  however  contribute  significantly  to  the 
infra-red  scattering.  The  conclusion  we  come  to  as  far  as  the 
polyatomics  are  concerned,  is  that  even  with  multiple  determina¬ 
tions  at  different  v/avelengths  in  the  visible,  the  contributions 
of  the  low-lying  infra-red  transitions  cannot  be  determined  with 
sufficient  accuracy  to  develop  a  meaningful  extrapolation  from 
the  visible  to  the  infra-red. 


II.  EXTRAPOLATION  PROCEDURE  FOE  N2  AND  02 

The  atmospheric  gases  02  and  N2  are,  of  course,  homonuclear 
diatomic  molecules  which  possess  no  permanent  electric  dipole 
moment.  As  such,  th-*  intrabani  dipole  transitions  within  a 
given  electronic  manifold  are  forbidden,  and  the  contributions 
to  RRS  arise  solely  from  the  effects  of  virtual  transitions  to 
higher  lying  electronic  states.  The  transitions  of  interest 
here  are  those  associated  with  .-ctational  angular  momentum 
changes  of  AN  =  ±2. 

The  absolute' cross  section-,  for  RRS  by  N  and  0  at  647.1 

1  Z  A 

and  488  nm  have  been  measured.  We  develop  here  a  straight¬ 
forward  theoretically  based  extrapolation  procedure  to  obtain 
RRS  cross  sections  at  other  wavelengths  using  these  measurements 
in  the  visible.  This  procedure  tales  into  account  the  frequency 

4 

dependence  of  the  polarizability  us  well  as  the  obvious  a)  depen¬ 
dence  of  the  Raman  cross  section. 

Let  us  now  develop  the  theo.  =ti.:ai  arguments  for  the  extra¬ 
polation  procedure.  We  define  the  si.a  es  |i>;  jf>  as  the  initial 
and  final  rotational  states  within  the  ground  state  ma. ifold.  The 
Raman  scattering  amplitude  can  be  .ritten  as 


(1) 


+ 


,vnA  WlCVj  l 


2 


2  3 

As  is  well  known  '  ,  the  C  form  the  components  cf  a  Cartesian 

V  v 

tensor  of  second  rank-  By  taking  suitable  linear  combinations 

of  components  of  this  tensor  ve  can  form  terms  which  transform 

in  the  same  way  as  spherical  harmonics  of  order  zero,  one,  and 

two  respectively.  For  RRS  ,  specifically  for  transitions  in  which 

the  rotational  quantum  number  N  changes  by  ±2,  we  are  interested 

in  the  combination  which  transforms  as  the  L=2  representation 

of  the  full  rotation  group.  This  form  is  the  "symmetric  form" 

2 

or  "quaarupoie  scattering"  defined  by 

^  =  y  V +  CrJr ~  V V  \ ^  '  (2) 


For  the  diagonal  components  we  have 


(3) 


while  for  the  off  diagonal  components  we  have 


<t\S^\;y  -  _  Z^\CJ -v  +  cv^\,'>' 


From  Eq.  1  we  see  that 


(4) 


4\crt\'7 - 


where 


i  n 

r_j _  ^  . 


(5) 


Jb> 
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Now,  defining 


; 


we  rewrite  Eg.  5  in  the  form. 


trAu\-  Av^tC 


(6) 


If  we  denote  E^Q  as  the  band  head  separation  between  the  ground 

vibrational-rotational  state  and  the  lowest  manifold  of  states 

for  which  there  exist  allowed  dipole  transitions  with  the  ground 

-  3 

state,  we  have  Am  >  E . .  for  all  bands,  and  &  <  10  for  the 

ct  u  ^ 

relevant  transitions  m  N2  and  02 .  In  view  of  these  magnitudes, 
we  can  neglect  the  8  terms  in  Eq.  6.  Hence,  the  scattering 
amplitude  can  be  -well  approximated  by 


^  1  V*  “  ~  i  w^4  u) v;.  ^ 


V 


|Vl»c*.  Gp  (  l 
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(7) 


The  result  giv*a  here  is  still  not  in  a  form  from  which  an  extra¬ 
polation  of  a  measurement  at  a  specific  frequency  to  other 
frequencies  can  be  made.  To  accomplish  this,  we  make  the  further 
approximation  of  replacing  the  Y  contained  within  the  sum  of 
Eq.  7  by  hu^/A^;  thus  removing  this  factor  from  the  summation. 


(<jp 


(8) 
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Here  is  the  band  head  energy  of  the  lov.  o.st  electronic  band 

exhibiting  allowed  dipole  transitions  with  the  ground  state 
manifold.  For  O A^Q  wouid  correspond  to  the  band  head  for 
the  uv  (Schumann-Runge  bands)  corresponding  to  the  transition 
at  an  energy  't  50,000  cm  ^  .  The  higher  transit.io.is  that  would 
contribute  are  in  excess  of  100,000  cm  This,  soupled  with 

the  fact  that  the  Franck-Condon  overlap  integrals  between  the 
ground  vibrational  state  and  the  higher  continuum  states  are 
small,  makes  the  approximation  quite  good.  The  most  significant 
correction  to  the  approximation  will  presumably  occur  in  th.1- 
variation  in  energy  for  the  uv  band  itself.  The  results  are, 
of  course,  appropriate  only  to  frequencies  below  the  band  head. 
One  can  estimate  the  corrections  to  be  the  order  of 

i-O  ‘  (9) 


Here  6  is  the  avoraqe  band  width  of  the  excited  state,  to,  is 

fa 

the  measured  frequency  and  to  is  the  extrapolated  frequency. 
This  error  is  the  order  of  5%  at  10.6  pm  and  15%  at  300  nm 
with  to  at  500  nm  for  0„. 

S  2 

Similar  conditions  prevail  for  N  where  the  first  allowed 

I  <■  i  «£  ■+■  \  __  i  e 

transitions  are  the  bands, 

both  of  which  exhibit  band  head  energies  of  100,000  cm  . 


The  differential  cross  section  for  the  "quadrupole  scat¬ 
tering",  An  =  ±2,  is  given  by 


9*  *+  \  <4 1  V'AA 1  . 

With  the  approximations  made,  this  assumes  the  form 


5 


IS 


where 


as  follows  directly  from  Eq.  2. 

The  general  result  for  the  ratio  of  the  rotational  Raman 
cross  section  at  two  different  frequencies  is  given  by 

(A*) 

Gp+Wil) 

where 

"5. 

In  Fig.  1,  we  plot  Riu,®  )  as  a  function  of  the  u> .  We  have 

3 

normalized  the  results  so  that  w  corresponds  to  488  nm .  The 

deviation  of  R(co,w  )  from  unity  signifies  the  departure  of  the 

S  4 

cross  section  from  the  extrapolation. 

III.  APPLICATION  OF  EXTRAPOLATION  PROCEDURE 

A.  Determination  of  N2  Rotational  Raman  Cross  Sections 

Let  us  now  illustrate  how  one  uses  the  results  to  compute 

the  absolute  cross  sections  for  different  rotational  transitions 

at  different  frequencies  and  tenperatures  from  a  single  absolute 

cross  section  measurement  at  a  particular  standard  frequency 

i  + 

denoted  by  w  .  The  ground  state  of  N.  is  a  Z  state,  and  the 
s  2  g 

total  angular  momentum  J  is  just  equal  the  rotational  angular 
momentum  N.  To  a  good  approximation,  we  can  neglect  the  cen¬ 
trifugal  distortion  corrections  to  the  rotational  energy  and 


1-^%,^  1 
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INCIDENT  WAVELENGTH  IN  MICROMETERS 


Fig.  1  A  plot  of  the  factor  R(w ,  which  reflects  the 

frequency  dependence  of  the  square  of  the 
polarizability  normalized  to  the  standard 
frequency,  which  in  this  case  is  taken  at  a 
wavelength  of  488  nm. 


represent  the  rotational  energy  for  the  vth  vibrational  state 
of  the  ground  electronic  manifold  as 


FW,j)  =  h 


The  general  expression  for  the  differential  cross  section  per 
molecule  for  a  particular  transition  can  be  written  as 


Here,  we  have  used  the  results  of  Section  II  for  the  frequency 

dependence.  The  factor  A  (0)  depends  upon  the  initial  and 

final  polarization  only,  and  the  angle  8  which  is  defined  as 

the  angle  between  the  incident  polarization  direction  for  plane 

polarized  light  and  the  final  propagation  direction.  We  have 

used  J±  to  denote  the  transitions  AJ  -  ±2  respectively.  The 

factors  P  (T )  are  the  thermal  occupation  probabilities, 

V  f  J 


(17) 


where  Q  is  the  partition  function  and  g^  is  the  degeneracy  factor, 


St  - 


^  T  a4ei 

&3+0  (T-h)  (23+1)  W  7 


(18) 


J±2 

Here  I  is  the  N  nuclear  spin,  1=1-  The  b  factors  are  the 

«J 

Placzek-Teller  coefficients. 
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1  ~  3u-r>3~ 

IUJ-DUt-m) 


(20) 


The  relation  for  a  rotational  cross  section  relative  to  a 
measured  cross  section  at  a  frequency  temperature  T^ ,  for 

the  transition  Jg  +  is  given  by 


Here 


'RU^ys*f  [.  vf:  (3i£spi  -  • 


=  'M+T+fe)  '  LyfL^  ~  -£vC+-7-£) 


4  .  -1 

For  N_,  the  value  of  B  is  2.010  cm  .  Absolute  cross  sections 

2  V  1 
for  C>2  and  N2  have  recently  been  obtained  at  488.0  run,  Tg  -  296°K. 

These  are  giv^  by 


*■  3  \  l 

( to+j  ZO)  Ml  oAj  2  OjiV)  =  (  ±  O.  (*<?)  x )  o  ( 22) 


-  3  o 


=  {\A2(a±  o.zo)  >■  \0 


(23) 


zz 
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These  are  the  differential  cross  section  for  90°  scattering, 
the  results  are  the  same  in  the  forward  direction.  We  can  use 
me  standard  depolarization  ratios  of  3/4  to  obtain  the  cross 
section  for  the  emission  polarization  perpendicular  to  the 
incident . 

In  Table  I,  we  have  tabulated  the  cross  sections  at  dif¬ 
ferent  frequencies  corresponding  to  the  wavelengths  10.6  pn 
(C02  laser),  1.06  pm  (neodymium  lasers),  488  na  (argon  ion 
standard)  ,  and  265  nm  (quadrupled  Nd)  from  the  measured  abs-lute 
value  at  488  nm  (Eq.  22)  using  the  relation  of  Ec,  21.  Any 
other  desired  wavelengths  can  be  computed  using  this  relation. 

B.  Determination  of  02  Rotational  Raman  Cross  Sections 

Detailed  analyses  of  the  relative  intensities  of  HAS  at  a 

5-7 

fixed  pump  frequency  have  been  made  ,  and  the  reader  is  re  - 
ferred  to  these  works  for  details. 

The  case  of  0^  is  conceptually  a  more  difficult  application 
than  N2-  This  is  due  to  the  fact  that  the  ground  state  of  oxygen 
is  a  spin  triplet,  JEg,  and  the  coupling  between  the  rotational 
angular  momentum  and  the  spin  splits  the  spin  degeneracy  into 
three  states  of  total  angular  momentum  N+l,  N,  N-l.  For  the 
temperatures  of  interest,  the  splittings  are  small  compared  to 
K,  T  and  one  can  simply  use  the  same  exponential  factor  for  the 

D 

thermal  occupancy  of  each  member  of  the  triplet.  The  differences 
in  occupancy  among  the  triplet  can  be  taken  simply  as  the  dif¬ 
ference  in  their  degeneracy  factors.  The  nuclear  spin  of  oxygen 
is  zero,  hence  to  preserve  the  symmetry  of  the  molecular  wave 
function  upon  inversion,  only  odd  integral  values  of  the  rotatioral 
quantum  numbers  N  are  allowed.  The  possible  rotational  Raman 
transitions  which  occur  are  given  by  tl»e  selection  rules  AN  =  0, 

±2,  and  AJ  =  0,  ±1,  ±2. 

In  Fig.  2,  we  have  illustrated  the  set  of  allowed  Stokes  and 
anti-Stokes  transitions  starting  from  the  central  triplet  with 
rotational  quantum  number  N.  We  have  used  the  standard  spectro¬ 
scopic  notation  to  label  these  transitions,  viz  where 
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3.90 

5.61 

3 

4.4 

3-1 

5.77 

5.45 

1.29 

1.35 

3-5 

3.40 

s.e? 

2.37 

3.41 

4 

10.3 

4-2 

15.7 

14.35 

3.40 

4  36 

4-6 

18.3 

22.13 

5.33 

?.67 

5 

5.7 

5-3 

9.44 

6.39 

1.98 

2.84 
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9.40 
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3.49 
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20.2 

15.6 

3.65 

5.20 
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11.9 

17.6 

4.23 
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11 
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11-9 

9.15 

6.85 

1.60 

2.28 

11-13 

4.93 

7.54 

1.84 

2.66 

12 

6.8 

12-10 

16.0 

11.7 

2.72 

3.36 

12-14 

7.95 

12.6 

3.03 

4.46 

13 

2.8 

13-11 

6.82 

4.83 

1.13 

1.60 

13-15 

3.12 

5.12 

1.25 

1.82 

14 

4.4 

14-12 

12.3 

7.79 

1.81 

2.57 

14-16 

4.76 

8.10 

1.99 

2.33 

15 

1.7 

15-13 

4.55 

3.05 

0.709 

1.01 

15-17 

1.77 

3.13 

0.763 

i.12 

16 

2.6 

16-14 

7.15 

4.67 

1.03 

1.53 

16—18 

2.58 

4.71 

1.16 

1.68 

* 

The  results  gi 

ven  here  are  th 

e  different 

ial  cross 

sections 

for 

incident  and  emitted  radiation  plane  polarized 

in 

the  saae 

direction  with 

the  emission  wave  vector 

at  S0C 

to 

the  incident 

polarization  . 

To  obtain  the 

depolarized 

component 

at  90*, 

the 

results  are  to 

be  multiplied 

by  3/4. 

We  note  that  the  cross  sections  given  here  have  incorpcrazed 
tne  thermal  occupation  factors  of  the  rotational  levels.  To 
eliminate  this  population  factor  one  eerely  divides  by  the 
relative  population  for  each  rotational  state  as  given  ir.  the 
table  - 
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?A 


2  An  illustration  of  the  allowed  rotational  Hasar 
branches  in  ?2-  9-oup  designated  by  (1?  appear 

as  satellite  lines  on  the  R2yleigr  scattering,  vhii 
*2).  (3)  are  anti-Stokes,  and  (4?,  (5)  aie  the 
Stokes  scattering. 


tie  branches  (©,  ?,  <2»  S)  correspond  to  the  angnlar  momentim 
daag»«  (-2,  -1,  0,  +1,  -s-2)  respectively -  She  grocp  of  traasi- 
tions  designated  by  Cl 2  In  Fig.  2  corresponds  to  the  transitions 
fs  «  ©,  ar-a  vf.12  appear  as  satellites  on  tbe  2ayleigb  line.  ihere 
are,  of  conrse,  no  satellites  of  this  bind  on  tbe  2aplelgn 
Use.  Ye  see  that  tbe  triplet  natore  splits  tbe  £3S  =  12  Stoics 
and  antl-Stoies  transitions  Into  six  separate  transitions,  eacb 
of  «rb£ch  has  a  different  intensity  factor-  “She  intensity  factors 
are  gs.ten  by  tbe  coefficients  b  vhere  for  tbe  three  ^S 

components  vc  bate. 


(24) 


'  (25) 

c***+o 


°vJ,f4 


3  ^(n34-3> _  ,  (26) 


while  for  the  two 


coaponents , 


_ 

;ln*3 


(27) 


Wi,u 


_3 _ 


(28) 
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and,  finally  -®-  hbs®  2  ceanpcaentt. , 


«S*«jd%S. 


\'2*M's) 


Tbs  sen;  of  ttsese  coefficients  satisfies  the  general  relation. 


OK***^  I 


-<-  k  k3"' 

^l-8" 


g~2  .  . 

vh^^e  the  b  are  the  Pleczeh— Teller  coefficients  as  ci~en  in 
is 

Eos.  IS,  20.  This  general  resolt  can  be  cerisef  saetheataticelly 

3 

Iren  tbe  symmetry  relations  on  tbe  3-d  anc  6-j  coefficient  of 

....  .  _  ,5 

vales  tne  general  fern  of  o_  can  be  expressed  . 

j  ,5 

Alternatively,  tbe  results  are  obvious  on  tbe  basis  of 
physical  gronnds  as  tbe  relative  intensities  are  independent 
of  tbe  spin-rotational  coopling.  Hence,  tbe  total  intensity 
3c5t  be  tbe  sane  as  if  tbe  splitting  were  zero,  where  tbe  only 


difference  between  tbe  Piaczek -Teller  coefficients  as 


given  for  S 


are  tae  spin  degeneracy  factors.  For  0_,  tbe  levels  are  soraad  ove 

a  broader  channel  which  is  the  order  of  the  triplet  splitting.  Os 

the  Stoles  side,  the  channel  width  will  be  saxirua  for  K  equal  to 

1,  where  the  three  SS  components  fora  a  central  channel  with  the 
s 

tvo  B  components  forming  smaller  side  bands  at  a  separation 

-i  s 

2  cs  iron  the  central  channel.  At  higher  it ,  the  S  components 


doa: nate .  and  the  central  channel  width  is  r.arrcvei 
results  are  obtained  for  the  anti-Stokes. 


iisi iar 


In  Table  II  we  have  computed  the  absolute  differential  cross 
section  associated  with  possible  transitions  for  LH  =  ±2.  We 
have  sunned  all  the  J  values  associated  with  the  initial  and 
final  M's.  The  expressions  used  for  the  computations  here  are 
identical  in  fort  to  that  used  for  the  computation  in  Eq .  16, 
except  of  course,  that  we  have  modified  the  various  terss  and 
parameters  as  discussed  in  this  section  to  make  them  appropriate  to 
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£PC 
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xlO"32 
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xlO 

1 

4.4 

1-3 

: 

2.43 

2.77 

0.630 

3.57 

3 

9.6 

3-1 

2.55 

2.59 

0.773 

3.32 

3-5 

2.97 

4.72 

1.42 

6.12 

5 

13.1 

5-3 

4.32 

4.21 

1.25 

5.37 

5—7 

4.79 

5.96 

1.30 

7.75 

7 

14.7 

7-5 

5.40 

5.04 

1.50 

6.41 

7-9 

4.® 

6.37 

1.93 

8.32 

9 

14.4 

9-7 

5.72 

5.13 

1.52 

6.49 

9-11 

4.43 

6.25 

1.34 

7.93 

11 

12.6 

11-9 

5.33 

4.63 

1.36 

5.33 

11-13 

3.63 

5.21 

1.53 

6.35 

13 

10.1 

13-11 

4.59 

3.7 a 

1.11 

4.75 

13-15 

2.73 

4.11 

1.25 

5.42 

15 

7.5 

15—13 

3.5S 

2.  S3 

0.832 

3.55 

15-17 

1.35 

2.99 

C.914 

3.96 

17 

5.1 

17-15 

2.58 

1.96 

0.574 

2.44 

17-19 

1.21 

2.02 

0.618 

2.68 

IS 

3.2 

19-17 

1.72 

1.26 

G.367 

1.56 

19-21 

0.724 

1.27 

0.339 

1.68 

21 

1.9 

21-19 

1.06 

0.749 

0.213 

0.927 

21-23 

0.402 

0.740 

0.228 

0.991 

The  results  given  here  ere  the  differential  cross  sections  ror 
incident  and  emitted  radiation  plane  polarized:  in  the  same 
direction  with  the  enission  wave  vector  at  90®  to  the  incident 
polarization.  To  obtain  the  depolarized  component  at  90°,  the 
results  are  to  be  multiplied  by  3/4. 

We  note  that  the  cross  sections  given  here  have  incorporated 
the  thermal  occupation  factors  of  the  rotational  levels.  To 
eliminate  this  population  factor  one  merely  divides  by  the 
relative  population  for  each  rotational  state  as  given  in  the 
table . 
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The  re-emission  spectra  of  three  gases  upon  excita¬ 
tion  by  radiation  from  slightly  tunable  ion  lasers  were 
examined  for  evidence  of  resonant  enhancement  of  Raman 
scattering.  The  absorption  of  C1F  was  found  to  be  too 
weak  to  cause  observable  resonance  enhancement,  and  the 
absorption  spectrum  of  Cs2  is  too  complex  to  isolate 
resonance  effects  of  a  .single  line.  Using  a  single-mode 
argon  ion  laser  to  excite  ihe  6  «-  0  P(28)  Na2  absorption 
line  at  476.  5  nm,  a  re-emission  was  observed  under 
sufficiently -far-from-resonance  conditions  to  suggest  that 
the  re-emission  is  resonant  Raman  scattering.  Due  to  the 
difficult  nature  of  the  necessary  experiments  on  Na2 
vapor,  we  were  unable  to  demonstrate  that  this  re¬ 
emission  had  the  properties  expected  of  resonant  Raman 
scattering.  The  enhancement  over  ordinary  Raman 
scattering  from  nitrogen  gas  was  found  to  be  about  107. 
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A  SEARCH  FOR  RESONANT  RAMAN  SCATTERING  IN  ClF,  CS2  VAPOR,  AND  Na2  VAPOR* 

R.L.  St.  Peters  and  S.D.  Silverstein 

I.  INTRODUCTION 

Raman  scattering  from  gases  occurs  at  one  or  more  wavelengths  which  are 
shifted  in  energy  from  the  incident  wavelength  by  vibrational-rotational  energy 
level  spacings  of  the  molecules.  Different  gases  thus  scatt?r  at  different 
wavelengths,  and  this,  plus  the  fact  that  the  scattering  is  proportional  to 
the  partial  pressure  of  the  scattering  species,  make  Raman  scattering  an 
attractive  phenomenon  for  use  in  gas  analysis.  Furthermore,  Raman  scattering 
also  contains  temperature  information. 

Unfortunately,  Raman  scattering  is  a  weak  process.  However,  Raman 
scattering  can  in  principle  be  enhanced  by  using  an  incident  wavelength  near 
an  absorbing  region  of  the  scattering  species.  While  enhancement  of  Raman 
scattering  due  to  continuum  absorption  has  been  observed,  the  largest  poten¬ 
tial  enhancements  are  for  the  case  of  an  excitation  wavelength  near  an  individual 

isolated  absorption  line.  Such  an  example  has  not  been  demonstrated.  One 

1  2 
example  in  I2  vapor  was  reported  but  has  been  found  to  be  incorrect. 

The  problem  is  a  technological  one  due  to  the  stiff  requirements  on  the 
laser  bandwidth,  stability,  and  tunability.  The  bandwidth  requirement  comes 
from  the  importcjiot  of  not  having  any  incident  radiation  fall  within  the 
absorption  line,  since  the  resulting  absorption  causes  fluorescence  at  the 
same  wavelengths  as  the  Raman  scattering.  Although  this  fluorescence  is 
stronger  than  the  Raman  scattering,  its  intensity  has  the  undesirable  feature 
of  being  dependent  on  the  partial  pressures  of  other  species  in  the  scattering 
region.  The  long  life  of  the  intermediate  state  in  fluorescence  allows  collisions 
with  foreign  gas  molecules  to  de-excite  the  scattering  species  molecules,  re¬ 
ducing  the  fluorescence.  The  long  intermediate  state  lifetime  also  prevents 
accurate  ranging. 

The  stability  and  tunability  requirements  come  from  the  sharp  dependence 
of  the  enhancement  or.  the  incident  wavelength.  Adequate  tunable  dye  lasers 
are  just  now  on  the  fringe  of  the  state-of-the-art,  and  the  spectral  coincid¬ 
ences  necessary  to  demonstrate  the  phenomenon  with  other  slightly  tunable 

*  This  research  was  supported  by  the  Advanced  Research  Projects  Agency  of 
the  Department  of  Defense  and  was  monitored  by  ONR  under  Contract  No, 
N00014-72-C-0503 . 
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lasers  limit  the  selection  of  gases  to  a  few.,  each  with  its  own  peculiar 
problems.  Experience  gained  in  investigating  these  molecules  has  shown  that 
demonstrating  the  Raman-like  character  of  the  return  signal  is  perhaps  more 
difficult  than  finding  that  signal. 
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II.  APPARATUS 


The  light  sources  used  for  the  experiments  are  two  Coherent  Radiation 

model  523  ion  lasers,  one  with  an  argon  tube  and  the  other  a  krypton  tube. 

A  prism  is  used  as  the  high  reflectivity  cavity  mirror  to  obtain  lasing  on  a 

single  spectral  line.  A  tilted  Coherent.  Radiation  stabilized  e talon  is  used 

in  the  laser  cavity  to  force  the  oscillation  to  occur  on  a  single  longitudinal 

node  of  the  cavity.  Tilting  the  e talon  tunes  the  wavelength  over  the  gain 

bandwidth  of  the  chosen  spectral  line.  For  the  strongest  line  at  514-5  nr  the 

-4 

Ar  ion  laser  yields  core  than  0.5  If  single  rode,  staole  to  ~  10  nr  over 
several  hours,  and  tunable  over  an  interval  of  about  0.01  ns.  On  the  weaker 
lines  the  power  is  less  and  the  tuning  range  is  snaller.. 

Scattered  light  is  collected  by  a  lens  and  spectrally  filtered  by  a 
Spex  1400  double  mono  chroma  tor  using  500  nr  blaze  gratings  with  1200  lines 
per  mm.  With  narrow  slit  settings  this  instrument  is  capable  of  resolution 
near  0.01  nm. 

The  light  is  detected  by  an  RCA  C31000E  photomultiplier  which  is  cooled 
to  about  -40°C.  Photoelectron  counting  techniques  are  used  to  reduce  the 
photomultiplier  dark  signal. 

The  scattering  cells  are  pyrex  cylinders  2.5  cm  long  and  5  cm  in  diameter 
with  a  pyrex  window  fused  to  each  end.  The  scattered  light  is  viewed  through 
one  of  these  windows .  The  laser  beam  passes  through  the  cell  via  the  cylin¬ 
drical  wall  perpendicular  to  the  viewing  axis.  A  hcllow  pyrex  tube  is 
attached  to  the  cell  at  one  point  on  the  cylindrical  wall.  In  the  case  of 
the  cells  used  for  the  ClF  work  this  tube  led  to  a  valve  connecting  the  cell 
to  a  gas  handling  system.  For  the  alkali  metal  vapor  work  this  tube  was 
sealed  off  about  10  cm  from  the  cell  and  contained  the  alkali  metal  reservoir. 
An  oven  was  made  for  the  celJs  for  the  alkali  metal  experiments  by  placing 
the  cell  in  a  brass  cylinder  about  20  cm  long  with  the  cylinder  axes  of  the 
cell  and  brass  tube  colinear  and  the  cell  stem  projecting  out  of  a  hole  in 
the  brass  tube  wall.  Heating  tape  and  insulation  were  wrapped  around  the 
brass  cylinder,  and  the  ends  were  closed  by  glass  windows.  The  laser  beam 
passed  through  two  holes  in  the  oven  wall.  A  copper  tube  was  placed  over 
the  cell  stem  and  a  nichrome  wire  heater  plus  insulation  were  wrapped  around 
this  extension.  Two  thernwcouples  separately  monitor  the  temperature  near 
tn 2  end  of  the  extension  and  at  a  point  on  the  cell  wall.  To  prevent  metal 


condensation  on  tbs  cell  tails  the  cell  was  kept  1J>°C  warmer  than  the  stem. 

_o 

Tfoe  temceratures  used  for  rest  of  tbs  Ka^  work  were  23o  C  at  the  cell  and 
2?5°C  at  the  stem  end,  although  the  cells  name  been  heated  as  hot  as  425?C. 

At  425°C  the  cell  terns  brown  in  about  15  rJ.  rates  due  to  reaction  of  the  sodium 
and  pyrex.  At  23St>C  a  cell  can  be  nsec  for  several  cays,  gradually  darkening. 
3elov  about  250°C  there  is  very  little  Ha^  fluorescence  dee  to  the  vapor 
pressure  being  too  io». 

This  arrangement  using  sealed  off  cells  makes  experiments  ca  foreign 
cas  effects  difficult.  A  new  cell  must  be  constructed  for  each  foreign 
gas  pressure,  and  the  oven  must  be  partially  dissembled  and  re-assembled 
to  change  the  cell.  Absolute  intensity  comparisons  from  cell  to  cell  are 
difficult  to  make  with  accuracy,  since  there  is  always  an  uncertainty  in  the 
exact  temperature  of  the  cell,  and  the  vapor  pressure  is  a  strong  function 
of  temperature.  Further,  the  intensity  from  any  one  cell  at  constant  tempera¬ 
ture  is  not  constant  but  decreases  due  to  darkening  of  tha  cell  walls.  Thus 
accurate  quenching  experiments  would  require  a  much  more  elaborate  cell  and 
are  beyond  the  scope  of  this  investigation.  As  discussed  below  such  experi¬ 
ments  must  be  done  with  great  care. 

The  apparatus  used  in  these  experiments  has  been  carefully  calibrated 

3 

for  use  in  absolute  Raman  scattering  cross  section  measurements.  The 
calibration  has  remained  constant  over  more  than  a  year. 
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A.  Irsirocs^rtiCsB 

Chloric  fharife.  Cl?,  was  selected  as  a  candidate  for  resonance 
ezoerisaenfcs  because  its  tabulated  abrsorptios  specfcrun  in  the  visible  staic&es 
the  region  over  which  a  rrcnber  of  Sr  and  Sr  ion  laser  varaleastrs  ars  avail¬ 
able.  BafoitGratsly,  these  absorption  bancs  are  ertrescly  weak,  and  we  foasc 

no  indications  of  absorption  or  fluorescence ,  Ordinary  Hasan  scattering  was 
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observed  and  its  vareisssth  dependence  was  seasured  to  be  ( !/?_,}  ,  indicating 
the  absence  of  any  resonance  effects. 

The  absorption  spectrus  of  Cl?  was  reported  by  Kabrhaftig4  in  1942. 

This  short  letter  reports  solecular  constants  ana  band  heads,  bit  does  not 
give  any  indication  of  the  strength  of  the  absorption.  Other  band  origins 
are  listed  to  Hearse  and  Geydon"' .  The  reported  absorption  consists  of  a 
series  of  bands  from  455  ns  to  523  ns,  plus  a  contii.uun  beyond  the  disscci-xfcior. 
limit  at  465  ns.  Six  important  Ar  and  Kr  ion  laser  lines  exist  in  the  inter¬ 
val  covered  by  the  band  absorption,  one  Ar  ion  line  at  457.9  ma  is  in  the  con¬ 
tinuum,  and  several  Kr  laser  lines  are  to  the  red  of  the  absorption  region. 

Thus  measurements  of  the  Raman  scattering  cross  sections  at  a  number  of  these 

4 

wavelengths  would  be  expected  tc  show  deviations  from  the  (Jyx^)  wavelength 
dependence.  Furthermore  -  throe  laser  lines  at  476.1,  476,5,  arid  496.5  nn 
lie  with  n  bands  near  the  band  origin.  Calculations  using  the  molecular 
constants  from  Kerrberg^  indicated  a  density  of  absorption  lines  near  476.2  nn. 
of  about  50  lines  per  nra.  Thus  it  was  likely  that  one  or  n.-re  C1F  absorption 
lines  would  be  within  the  gain  bandwidth  of  an  ion  laser  operating  on  one 
of  the  three  lines  near  band  origins.  This-  would  afford  the  opportunity 
of  timing  a  single- raided  ion  laser  near  a  single  absorption  line  to  examine 
the  re-emission  for  resonance  enhancement  of  Raman  scattering. 

B.  Experimental  Results 

The  cell  was  initially  filled  with  about  1  tore  of  C1F  gas  and  the  laser- 
beam  was  passed  through  the  coll.  All  the  available  Ar  and  Kr  .ion  laser  wave- 
lengths  were  triad,  one  at  a  cime,  while  the  ceil  was  visually  observed  for 
signs  of  fluorescence  bone  was  seen.  This  was  repeated  a-,  sever"!  or  assures 
up  to  240  torr  with  stl~l  no  sign  o-  any  fluorescence.  Since  the  gas  ir.  the 
|  cell  war,  still  ccmp^etely  clear  and  untinted  at  2-10  tort  it  was  apparent  that 
the  listed  absorption  in  the  visime  must  bn  vary  weak. 

3? 
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At  the  243.  trsrr  mressrre  the  Sanaa  scattering  frcnr  the  CS*  was  measarred: 
using  the  sp&ctrosiicteir  sysfcsn  ami  five.  sEifferert  Ar  ion  1 a^syr  waweSgng&Sss 
The  system  csef  far  these  ansastrsnenrs  has  beer  carefully  calibrated  f«r  Samaa 
scattering  cross  section  neasrrenerts.  Setb  its  relative  jfesolgte  sceririii 
responses  &err  bests  monitored  for  ,wer  a  year  and  fccna  not  to  vary  sigrtrlitaatiy 
The  measured  intensities  of  the  Hornet  scattering  frost  Cl?  at  the  five  vavalangths 
ware  corrected  for  chis  kauws  system  response  er-d  for  toe  irscident  power. 

jr 

EadL  intensity  mss  tier:  mnltioiled  by  the  appropriate  ffce-  resaltazst 

normalised  irrass-sities  should  all  be  the  saroa  if  tat?  resonant  effects  are 
occurring,  wails  rercitassce  effects  should  cause  substantial  chances  with 
incident  warelesagfc h. 

The  results  are  shewn  ir.  Table  X.  The  i n tensities  shown  have  been 
railfiplied  by  (Xg.14  and  are  normalised  to  the  intensity  obtained  usi rag  the 
5x4.5  na  incident  wavelength,  within  experimental  error  they  are  all  equal , 
inci-rating  the  absence  of  resonance  effects.  The  last  entry  in  Table  I  was 
obtained  using  a  Sr  ion  laser  wavelength  on  a  different  day  using  a  different 
Cl F  sarrrle. 


'TN'  nin 

hm  x  : 

457.9 

1.02 

476.5 

0.92 

488.0 

0.99 

496.5 

1.06 

514.5 

1.00 

530.8 

0.96 

TABLE  I 


Raman  scattered  intensity  for  six  incident^, wavelengths. 

The  intensities  have  been  multiplied  by  >,,4  to  eliminate 
the  (1/X^)4  dependence  and  are  normalized  to  the  intensity 
ar  514.5  nra. 
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A  fracfise  of  a£JfcsS.f  roefeaS  « 


-fflcsisSs:  of  'isa.ltsanc  mo&ecnl&s  wfcceSs 


irs  £aas  MisafeS*  cud  enatt  rESoruamtS:  OnErESoeose:.  TSasss  aoSgccSES, 
iEriniirw  crrusE-aUcali.  auaSoiDaIcs.>  hewe  raaag  bsso  stadiad  viz.  cb^ir  absa-rpfcisna 
by  resonance  ~  abahaugSa  rhe  molfesa.Ear  firacfjotc  of  fie  -wsgasr 

is  Vr’CTim.  tc  i aggiease  ra=s-<£iy  adfh  asnperatccre,  tfc?  actual  valnas  of  tSae  fraasti-oEE 
ara  select,  to  sane  disagreed sot  -  ~  f 


A  review  of  tie  absorption!  sceerra  arm  vapor  nresssres  inaicgfcee  Cs_  area 
■£a?  «sr*  tie  aost  IfSaely  candidates  far  resrearos  steadies.  Bnti  Cs_,  are  33a.. 
nave  absorption-  maxima  in  tie  bine  vnere  Ar  ion  lasers  yield  a  tabs:  cf  lines. 


Cs_  has  a  Merer  total  varor  oressare  best  a 
2  -  - 


Lsr  aonlscniar  fraction  an3 


lower  csciilato?  strengths.  ®e  therefore  chess  Cs^  for  the  first  experiment 
in  the  hope  tha  r  its  higher  vapor  pressure  voaid  allo^  vork  at  lower  tempera¬ 
tures.  voaever,  initial  experineats  eliminated  Ce^  on  the  basis  of  the  coct— 


piexitv  of  its  spectra. 


subsequent  emerlaests  freass®:  on  !fe^. 


A  re-emission  i=jtensity  wiicr.  can  he  identified  as  resulting  from  resonance 
with  the  6  —  0  ?(28}  absorption  line  has  been  observed  with  the  laser  stiff ir-iently 
far  from  this  line  chat  the  re-emission  is  expected  to  be  resonant  Karan  scatter¬ 
ing,  bat  ve  were  unable  to  demonstrate  its  Karan-like  character. 

3.  Cs^  Experiments 

Cs^  was  found  to  emit  readily  visible  fluorescence  when  an  Ac  ion  laser 
ac  486.0  ns  was  used  as  the  excitation  source.  Weaker  fluoresc.  r»ce  was  ob¬ 
served  using  other  laser  lines.  7*  was  found,  however,  that  even  at  488  nra 
a  temperature  of  over  300°C  was  necessary  to  obtain  a  st.  -ng  signal,  probably 
due  to  a  combination  of  tha  low  oscillator  strengths  and  small  molecular  frac¬ 
tion.  The  Co ^  re-emission  sbo^/ed  little  intensity  change  as  the  single-mode 
Ar  laser  was  tuned  over  the  gain  bandwidth,  of  several  laser  lines.  The  lines 
of  the  Cs2  absorption  spectrum  are  thus  extremely  finely  spaced.  Furthermore, 
the  total  pressure  of  Cs2  at  300°C  is  over  2  tore  -  and  the  individual  absorption 
lines  may  be  broadened  by  collisions  leading  to  overlap.  Thus  the  absorption 
spectrum  of  Cs<2  appears  to  be  effectively  a  continuum  not  suitable  for  our 
resonance  exper imenfcs . 

C.  Na^  Experiments 

Sodium  vapor  yields  visible  fluorescence  when  excited  with  several  Ar  ion 
laser  lines.  The  fluorescence  car.  be  observed  as  a  yellow-green  line  where 
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tb*  bean*  53-3*3  atono^s  trfcit  <ntll_  Tte  sttnoeipESit  fflcmrascacing  is  *zcite£  by 
trb*  474 . S  am  Sins-  STsa&ia  Oauarffis<ca=3c®  is  a.B sat  <p&ttaagiBd  csisag  U2as  43®.(tt m 
liras.  U&a  flmns&oraps  obtained  csirig  g&SasT  liners  is  arcarSa  -xntskss.  SSrssr  off 
ocr  attention:  was  sawar  to  t£as  4T6.5  ram  Sirs®. 

Ofe  hams  observed  flEorescanoe  psasrartad  by  absaargfcigs  at  liver  individual 

rotational-vibrational  Sines  off  3£a^  which  fall  within  trae  tuning  ran gs  off  ocnr 

gHirvT-llg.  mrwie  &;  ion  He-sey  at  476.5  mm.  These  licyg-5  are  -«iii=^riffiieff  £>5  'SsbSe  II 

&1 one  with  their  cairrr.le.tsri  wavelengths  and  their  approximate  position  within 

S&e  trains  ranee-  3fe  idenfciffied  these  lines  by  nse  off  calculated  wavelengths 

casino  molecular  constants  from  2aff.  £  and  by  observation  off  the  fluorescence 

spectra  resulting  ffresm  ezei tine  each  off  these  lines.  Saturation  techniques 

have  shown  that  any  hyperrine  structure  off  the  CIO  —  3}  ?( 13)  is  negligible 

9 

compared  to  the  24  JSz  natural  line  width,  and  we  do  raot  expect  bycerffine 
stmctcre  to  be  significant  for  ary  off  the  other  liras. 

Iff  the  incident  wavelength  lies  on  a  single  isolated  absorption  line,  say 

the  6  —  0  ?  (23)  line,  a  single  rotational-vibrational-electronic  state  is  being 

i 

excited,  in  this  case  the  J  =  27  v  =  6  sab  level  off  the  3  electronic  level. 


Observed  Position  under  476.5  ns 


Transition 

Calculated  ssa 

Gain  Curve 

6—0  ?{23) 

476.479 

Near  red  end 

10-3  ?(13) 

476.470 

Slight  blue  of  center 

11-3  R(59) 

476.435 

Jfear  blue  end 

19-9  P(l) 

476.514 

Near  center 

19-9  R(7) 

476.519 

Near  red  end 

TABLS  II 

Transitions  identified  within  the  At— ion  *176.^  nm  la$er  bandwidth.  All 
transitions  involve  a  change  in  electronic  state  B  tt  XA£  +.  The  calculated 
wavelengths  use  the  molecular  constants  in  reference  6  and  are  wavelengths  in 
air.  The  constants  are  less  accurate  for  transitions  between  higher  vibrational 
states.  The  last  transition  may  also  be  the  19  —  9  R(6)  line  with  a  calculated 
K  of  476.511  ran. 

Fluorescence  transitions  can  occu-.  from  this  level  to  lower  levels  where  allowed 

1-  + 

by  selection  rules.  We  restrict  our  attention  co  transitions  bacK  to  tne  X  z. 
ground  el ectronic  state.  The  only  selection  rule  is  then  tJ  =  +1.  Thera  will 
be  two  transitions  to  each  vibrational  sublevel  of  the  ground  stete.  rcr 
example,  the  pair  6  -  1  P<23)  and  R(26)  are  the  only  allowed  transitions  to 

40 
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frfrrfc  t  =  I  <&f  ttfea?  gzvaunf  starts.  Thus  e»< mb  T->2g&SaugoaB  flcrorssfflEooE  ’•’bami’*' 

cmmsmstes  of  a  dbcMg*—  tb®  vaaseeiacaal  sasasra-ltfosi  for  52a,  as  mbocJt  2.5  zmi  and 
tth®  dbahSe tt  isoaraitaoo,  which  ©apemis.  oa  J,  f<or  Shis  case  is  aboczt  ©.-b  nan. 

5i®  ast®  that:  if  the-  ftzrarsscemcer  ©©cars  osa  ths  5—2  P?23i  liz®  the  net  chare® 
is  tag  czazhznr.  state  of  the  molecale  tfter  ahsorstioo  anc  rsE-emissie©  is  l*e  =  *I„ 

£J  =  ffl.  The  5—1  SS2Sf  flnoresterace  laze  results  ia  a  net  chazoe  l.v  =  -ri,  AS  =  -2. 
Ttas  this  floaresoezce  zer-sariLssicm  is  azslcgmcs  to  ttws>  I’zes  of  ordinary  aazteo 
sscatterizo,  oze  in  the  3-bcanch  {the  ss— caUsi  “'vibrational  Sine"!  and  the  other 
in  th^-  G-branch  Jcr  the  "’rotational  wiras”) .  Froze  this  observation  two  paints 
are  clear;  1}  ararintity  of  the  izoicent  wavelength  to  the  6  —  G  ??2SJ  laze  can 
only  casse  enhancement  of  two  of  the  mazy  rotational  sizes  of  the  stoles  fssaSa- 
mental,  en£  2J  the  resonance  effects  of  the  varices  absorption  lizes  enter  the 
476.3  tsms  cain  carve  can  is  separates!  by  observing  the  spec  Iron  of  the  re-emission. 
3ie  note  also  that  only  scattering  from  solecnf.es  which  are  in  che  ~  -  0  J  =  ?8 
state  can  be  enhances  by  proximity  to  the  6—0  PJ23)  line. 

Jihen  the  incident  wavelength  is  centered  on  fcnis  absorption  line,  the  first 

stoles  fluorescence  spactrEHs  consists  of  the  restsiting  fluorescence  doebiat 

plus  a  wearer  ooebiet  dr .  to  the  19  —  9  P(6)  line.  Bte  lines  of  this  latter 

doublet  are  closer  together  than  the  first  doublet  and  lie  between  the  lines  of 

the  first  doublet.  We  rote  that  the  v  =  9  level  of  the  ground  electronic  state 
-1 

is  sore  1575  cm  above  the  v  =  0  level  and  is  expected  to  be  only  slightly  pope- 

O  — 1 

lated  at  390  C  woe re  IS  is  only  ~  400  cm 

This  absorption  line  appeared  particularly  promising  as  a  candidate  for 
resonant  Raman  scattering  experiments.  It  lies  near  the  red  edge  of  the  gain 
curve,  allowing  tuning  the  laser  from  the  center  to  core  than  5  GHz  (~  0.0045  na. 
or  nearly  the  full  gain  curve  width)  off  center.  The  resulting  re— emission 
doublet  can  sti 1 1  Le  clearly  identified  and  separated  from  other  fluorescence 
lines  when  the  rarer  is  tuned  4.0  GHz  from  the  center,  although  fluorescence 
caused  by  absorption  lines  r.eax  the  blue  edge  of  the  gain  curve  interferes 
with  this  doublet  further  out. 

The  width  oZ  this  line  is  determined  essentially  by  ics  natural  linewidth. 

The  natural  linewidth  of  the  10  -  3  P(13)  transition  has  been  measured  by  sat  ura-* 
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tion  techniques  and  found  to  be  ~  24  Mhz.  The  width  of  the  6—0  ?(28) 
transition  wo  are  interested  ir.  is  unlikely  to  be  much  different.  No  hyper- 
fine  structure  was  found  ir.  Rer  0.  The  total  sodium  pressure,  atoms  plus 
molecules,,  is  about  10  27  at  300°C.  Under  these  conditions  a  molecule  will 
mass  within  1  nm  of  another  molecule  or  atom  about  once  eve.*y  1.5  us.  Thi^ 


is  abort  225  times  the  lifeline  o£  the  cpper  level,  sj!»  line  haroadsming  &ae 


of  the  cmper  level  is 


Since  frb<c.  nusleciile  g^—i  w,-.*w‘H 


_ ,£■>  ,-g 

I  cm  ia  abcct  2x1 ©  sec,  th?  cioiecales  spend  aboct  1©  cf  the  time  vitSti-5 
1  cm  of  arcdher  atom  or  molectuta.  Ubms,  unless  Issncer  r ange  forces  are  im¬ 
portant,  perturbations  of  the  energy  level  by  collisions  shoel"’’  be  important. 
Soccer  range  ^?an  cfer  areals  forces  do  exist:,  but  they  are  unlikely  to  be  able 
to  carse  significant  changes  in  the  absorption  line  tails. 


The  only  r« 


source  of 


is  oosoler 


cor 


ansosas  it  is  cost  convenient  to  treat  fcbe  oonoler  brcadeninrc  as  a 


of  t±e  incioent  laser  lire.  5fe  thus  consider  a  laser  soectrtm  which  has  a 

S 

ganssian  spectral  profile  of  width  1.5  GH z  i  mi  dent  on  mole  coles  whose 
absorption  profile  is  lorentnian  with  a  24  MHz  natural  limswicth. 

32 nan  tie  laser  is  4  GHz  from  the  absorption  lias  center,  ve  are  166  lise- 

vicfchs  sway  from  resonance.  Since  tie  garssian  ooppier  profile  of  the  laser 
-13 

is  down  by  4  z  10  at  the  absorption  line  canter,  ve  can  consider  the  laser 
radiation  as  effectively  contained  within  its  gaussian  width  of  1.5  (2z. 

■5k  laser  is  then  spread  over  the  region  free  3,25  to  4.75  (Hz  away  frees 
resonance,  i.e . ,  from  135  to  200  linewfdihs  from  resonance.  This  is  fav 
enough  removed  that  ve  expect  the  observed  return  re— emission  signal  to  ne 
H2iian-like,  i.e.,  to  be  resonant  Hasan  scatter  ire. 

Several  experiments  can,  in  principle,  test  vhetner  the  signal  is  resorant 
Henan  scattering  rather  than  fluorescence.  The  important  distinguishing  property 
is  that  Rauan  scattering  is  independent  of  foreign  gas  pressure,  i.».  it  does 
not  quench,  while  simple  in  principle ,  considerable  care  is  necessary  in 
interpreting  experiments  based  on  this  test.  If  our  excitation  wavelength  is 
in  the  tail  of  the  absorption  line,  but  close  enough  so  that  the  re-emission 
is  fluorescence,  introduction  of  a  foreign  gas  can  still  lead  to  little  change 
in  the  re-emission  over  certain  pressure  ranges .  Foreign  gas  pressure  can, 
in  fact,  cause  ar.  increase  in  fluorescence^0.  To  sea  thic,  we  note  that  a 
foreign  gas  has  two  effects.  The  first  is  to  collisionally  de-excite  some 
of  the  molecules,  which  quenches  or  reduces  the  fluorescence.  The  second  is 
to  bioaden  the  absorption  line.  This  broadening  causes  more  absorption  in 
the  tails  where  our  excitation  wavelength  is.  More  absorption  means  more 
excitation  which  will  tend  to  increase  the  fluorescence.  Under  appropriate 
conditions  this  latter  effect  dominates  and  fnc  fluorescence  rises.  Intro¬ 
duction  of  more  foreign  gas  will  eventually  broaden  the  line  sufficiently  to 
encompass  our  excitation  wavelength  witnin  the  increased  linewidth.  Further 
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~<e  vili  redmos  absorption,  zm&  fcSoas  the  fluorescence  intensity 
tcill  decrease.  Thus  foreign  gas  pressure  dependence  experiments  require 
careful  measurements  of  fr-fre  re-emission  intensity  at  a  member  of  foreign 
gas  — r-iggn-g-c .  F£«r  exneriaxsntal.  reasons  {see  Section  22}  sad!  gxperi merits 
are  very  difficult  in  Ka^- 

Foreign  gas  cease  collisicaai  transfer  of  excitation  energy 

ta  otiier  excites  states  from  tie  optically  pumped  ones,  cassias  the  appearance 
of  fluorescence  from  these  ot±er  excited  states.  The  presence  of  radiation 
from  states  which  are  populated  by  collisional  transfer  from  the  optically 
penned  state  is  in  itself  evidence  that  the  re-emission  is  fluorescence  rather 

Baman  scattering.  2f  the  i atgaed i ate  state  lifetime  is  too  short  to 

allow  collisional  quenching,  it  is  too  short  for  collisional  transfer.  Such 

fluorescence  from  nearly  rotational  states  populated  by  collisional  transfer 

forms  a  »-eadily  visible  array  of  fluorescence  lines  in  each  vibrational  fluor— 

11  _  . 

escapee  band  in  fluorescence  spectra  rron  vapor  .  This  fluorescence  as 

induced  bv  I  -7  collisions  in  the  absence  of  anv  foreign  gas  and  increases 
2  z 

in  incensifcy  very  rapidly  with  low  pressures  of  a  foreign  gas. 

Such  fluorescence  is,-  however,  not  visible  in  pure  Ka^  even  when  the 
laser  is  centered  on  a  resonance  and  the  signal  is  thus  known  to  be  fluorescence. 
This  is  probably  cue  to  the  short  lifetime  and  low  collision  frequency.  We 
constructed  several  Ka2  scattering  cells  with  various  pressures  of  hr  gas 
in  an  attempt  to  cause  collisional  transfer  and  generate  this  fluorescence. 

Only  very  faint  traces  of  fluorescence  from  states  populated  by  coilisicna! 
transfer  was  found.  This  fluorescence  would  be  too  weak  to  see  when  exciting 
the  resonance  in  its  tails  even  if  it  maintained  a  constant  ratio  to  the  vain 
fluorescence  from  the  optically  pumped  states.  Argon  pressures  up  to  50T 
*>ere  used;  at  this  pressure  the  fluorescence  was  severely  quenched  on  the 
resonance  center.  We  are  unable  to  state  an  accurate  quenching  figure  due 
to  difficulty  in  comparing  intensities  from  cell  to  cell,  and  can  only  say 
that  the  quenching  on  resonance  center  was  at  least  a  factor  of  10.  The 
quenching  with  excitation  in  the  tails  appeared  less  but  we  cannot  say  that 
none  occurred.  The  factor  of  10  quenching  on  line  center  indicates  that 
collisions  are  clearly  the  dominant  de-excitation  process;  the  absence  of 
fluorescence  from  states  populated  by  collisional  transfer  indicates  that 
the  favored  collision  result  is  tc  de-excite  the  molecule  rather  than  trans¬ 
fer  its  energy  to  another  nearby  excited  state. 
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aStea  cospared  to  ordinary  32S2n  scattering  iron  nitrogen  gas,  the  re- 
emission  «e  observed  in  Ka^  i>  enhanced  by  about  10^.  This  figure  was 
obtained  using  the  value  for  the  Ha„  solecular  fraction  fron  Ref.  3.  In 
view  of  this  large  enhancement ,  it  would  be  indeed  interesting  to  cetemine 
whether  this  re— emission  is  resonant  Hasan  scattering.  The  necessary  quench¬ 
ing  experiments  are  possible  but  are  beyond  the  scope  of  this  investigation. 


VI.  CONCLUSIONS 


The  visible  transition  rates  of  C1F  gas  are  too  snail  to  cause  observable 
enhancement  of  Raman  scattering.  The  enhancement  is  proportional  to  the 
product  of  two  of  these  transition  probabilities. 

The  absorption  spectrum  of  Cs^  molecules  consists  of  lines  which  are  too 
closely  spaced  to  permit  isolation  of  resonance  effects  due  to  a  single  line. 

With  the  incident  laser  spectrum  spread  over  an  interval  from  135  to  200 

linewidths  sway  from  the  6  *-  0  P(28)  absorption  line  of  Na2,  we  observed  a 

re-emission  signal  which  is  caused  by  proximity  to  this  absorption  line. 

While  the  separation  from  resonance  suggests  that  the  re-emisnion  is  resonant 

Raman  scattering,  we  were  unable  to  demonstrate  this.  This  re-emission  is 

7 

enhanced  over  ordinary  Raman  scattering  from  N2  by  about  10  .  Careful 
quenching  experiments  should  be  able  to  determine  whether  this  is  resonant 
Raman  scattering. 
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A  high  average  power,  narrow  linewidth,  and  tunable  dye  laser  is 
required  Tor  app! ’'cations  to  remote  probing  of  the  atmosphere  by  any 
of  several  resonance  spectroscopy  techniques.  The  requirement  of 
efficient  high  average  power  output  is  not  easily  made  compatible  wiih 
a  narrow  linewidth,  however.  In  this  report  we  si.amine  a  particular 
approach,  injection  narrowing  of  a  high  power  oscillator,  and  com¬ 
pare  it  to  other  possible  methods  for  obtaining  a  high  power  output 
with  narrow  Knewidths. 

The  output  from  a  low  power,  narrow  linewidth,  and  tunable  dye 
laser  was  injected  into  the  resonating  cavity  of  a  high  power  broad 
band  dye  laser  oscillator.  For  injected  powers  much  greater  than 
the  fluorescence  power  generated  into  the  resonator  modes,  the  high 
power  oscillator  condenses  its  output  spectrum  to  that  of  the  injected 
laser  field.  This  injection  narrowed  oscillator  is  compared  to  a  high 
power  oscillator  that  is  directly  narrowed  with  intracavity  wavelength 
dispersive  devices  and  to  a  conventional  oscillator- amplifier  system: 
It  is  concluded  that  for  linewldths  on  the  order  of  10"°  im  or  less 
the  injection  narrowing  technique  is  preferred,  but  for  linewidths 
greater  than  about  10”3  nm  the  other  tvo  systems  appear  to  be 
more  practical.  Three  different  designs  for  efficient  injection 
narrowing  are  recommended. 


lasers,  dye  lasers 
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INJECTION  NARROWING  OF  A  FLASHJAHP-PUKPED  DYE  LASER  OSC3I.LATOR* 


I .  INTRODUCTION 

Ihe  tunable  flash] amp-pumped  dye  laser;  for  which  output  energies  of 
up  tc  12 J  have  been  reported 1 ,  offers  a  possible  laser  system  to  meet  the 
requirements  for  remote  atmospheric  probing  and  undersea  illumination.  For 
more  effective  use  of  resonance  fluorescence  (EF)  or  near  resonance  Raman 
scattering  (NRRS )  phenomena  in  remote  probing  applications,  not  only  must 
the  bandwidth  and  stability  of  the  probe  laser  be  on  the  order  of  the  ab¬ 
sorbing  Linewidths  of  the  species  to  be  examined  (typically  on  the  order 
of  10  3  nm) ,  but  also  maximum  beam  power  is  required.  These  two  require¬ 
ments,  a  narrow  line  at  high  power,  are  usually  incompatible. 

If  a  relatively  high  flashlamp  pumping  rate  is  used  in  order  to  obtain 
useful  output  power,  then  threshold  is  exceeded  over  a  broader  spectral 
region  and  a  broad  band  output  is  obtained.  To  obtain  a  narrow  linewidth 
requires  wavelength  dispersive  devices  to  be  placed  in  the  laser  cavity 
which  give  rise  to  significant  intracavity  losses,  and  still  fail  to  produce 
adequate  narrowing  at  high  power.  Thus,  the  presence  of  lossy  intracavitv 
dispersive  elements  and  the  reduction  in  pumping  rate  required  to  obtain  a 
narrow  line  emission  prevents  utilization  of  the  full  power  capability  of 
the  laser. 

2 

A.  J.  Gibson  ,  for  example,  designed  a  flashlamp  pumped  dye  laser  for 
atmospheric  probing  with  a  spectral  linewidth  of  5  x  10“  3  nm  by  using  three 
Fabry-Perot  ota’ons  of  successively  smaller  free  spectral  ranges.  Gibson 
obtained  a  10  mJ  output  pulse  energy  when  the  dye  laser  was  operated  broad¬ 
band  at  10  nm  emission  width  with  no  etalons  in  the  laser  cavity.  With 
the  first  etalon  in  the  cavity  the  spectral  width  decreased  to  0.3  nm  and 
the  pulse  energy  dropped  30%.  Placing  the  second  etalon  in  the  cavity  brought 

the  spectral  width  down  to  0.05  nm  with  a  50%  decrease  in  the  pulse  energy, 

_  3 

and  when  all  three  etalons  were  in  the  cavity  Gibson  obtained  the  5  x  10  nm 
spectral  width  with  3  mJ  output,  a  70%  decrease  in  the  output  pulse  energy. 
'This  gives  a  net  gain  of  600  in  the  energy  per  unit  wavelength,  however. 


*  Tnis  research  was  supported  by  the  Advanced  Research  Projects  Agency  of 
the  Department  of  Defense  and  was  monitored  by  ONR  under  contract  No. 

N001  4-72-00503 . 


Manuscript  Received  1  / 3 0 / 7 3 


1 


50 


Another  approach  to  ?.  laser  transmitter  for  remote  probing  would  be  to 
amplify  a  low  y>?r  frequency-narrowed-and-stabilized  dye  laser  with  a  high, 
power  amplirier.  Hc.ce-.'er,  this  is  »tcf  an  eff icienc  way  to  obtain  the  lares 
pulse  “•nsrgies  and  narrow  linewicths  required,  ?or  lu.v  input  rovur  the 
amplifier  is  operating  in  the  small  signal  amplifying  regime,  and  a  large 
amount  of  the  amplifier  pump  light  is  going  into  fluorescence  rather  than 
stimulated  emission.  Using  published  results  for  maximum  unsaturated  gain 

O 

of  a  flashlamp-pumped  dye  laser  with  rhodan'-ino  f><£,  one  can  estimate  the 
ante.l  1  signal  gain  of  a  high  power  commercial  dye  laser  whose  active  length 
is  23  cm  to  be  about  8.4  db  per  pass,  Thus,  tlie  3  rnj  output  of  a  single 
moded  dye  laser  v?ould  be  amplified  to  about  21  raJ.  This  commercial  dye 
laser  however,  is  capable  of  emitting  2J  of  laser  energy  in  about  lus  vihen 
operated  as  an  oscillator  with  broadband  reflectors. 

Another  approach  to  obtain  a  narrow  spectral  output  from  a  high  pc^cr 
dye  laser  is  to  use  injection  narrowing.  Here  a  lov  power  spectrally  narrow 
radiation  field  is  injected  into  the  optical  resonating  cavity  of  a  high 
power  dye  laser  oscillator  at  the  time  the  laser  is  triggered.  If  the 
density  of  the  injected  photons  in  one  or  more  of  the  cavity  modes  is 
considerably  larger  than  the  density  of  photons  from  spontaneous  emission 
in  all  the  cavity  modes  then  the  laser  oscillation  preferentially  builds  up 
on  the  injected  radiation  field  rather  than  from  the  spontaneous  emission 
noise,  as  is  the  usual  case  when  the  injected  field  is  not  present.  This 
narrowing  technique  depends  in  part  cn  the  speccral  broadening  of  the  dye 
being  homogeneous,  so  that  the  desired  modes  are  ir  gain-competition  with 
ail  the  undesired  modes.  In  cracti :e  this  is  found  to  he  true  to  a  high 
degree.  The  high  power  oscillator,  then,  can  be.  made  to  lock  its  oscillation 
to  an  injected  radiation  field  chat  has  built  up  in  the  resonating  cavity 
modes.  In  this  way  the  high  power  laser  emission  can  have  the  same  spect'-al 
and  beam  divergence  qualities  as  the  injected  radiation. 

4 

Injection  narrowing  was  first  demonstrated  by  Encxson  and  Szabo  with 
an  H2~laser-pumped  dye  laser  and  a  pulsed  argon  laser ,  They  reduced  the 
spectral  width  of  the  dye  laser  from  40  to  0  00016  nm  with  the  injection  of 
50  mW  of  514.5  nm  e.cgon  laser  light.  With  0.5  watts  of  injected  power  about 
80%  of  the  dye  lasei  energy  was  spectrally  condensed  into  the  narrow  line 
with  the  remaining  20%  staying  in  the  wings.  ,nhe  spectral  intensity  in  the 

5 

narrow  line  is  thus  2  x  10  times  tnat  m  the  wir.gs.  Injection  narrowiny 
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nas  also  been  observed  with  a  cw  He-'Je  laser  as  the  injection  source  for  a 

laser-pumped  dye  laser3.  Recently  G.  Magyar  and  3.0.  G ehna ider-. Hunter  used 

— y 

a  10  tin,  55  mJ,  flashlamp  pumped  dye  laser  tc  injection  narrow  a  high 
energy  f lashlaup  pumped  dye  laser^.  They  obtained  at  least  30*.  of  the  total, 
energy  of  the  system  in  a  single  line  about  10  *  ke  wide.  The  effective 
energy  gain  or  ratio  of  the  final  output  energy  of  the  injectaa  high  power 
oscillator  to  tha  total  energy  output  of  the  low  power  injection  laser  was 
2 00.  When  the  system  was  used  as  a  conventional  oscilrator-regenerauive 
amplifier  as  in  Ref.  6  an  effective  energy  gain  of  only  2.5  was  ontained. 

The  injection  narrowing  technique  has  the  advantage  of  allowing  one  to 
use  a  convenient  low  power*,  frequency-narrawed-and-stabilired  dye  laser  to 
cause  oscillation  of  a  high  power  dye  laser  to  occur  with  tha  saste  spectral 
quality  as  the  injection  laser.  In  this  way  a  large  fra:±ion  of  the  high 
power  output  obtained  in  broad  band  operation  can  be  placed  in  the  emission 
width  of  the  injected  laser  beam.  Potentially,  then,  this  process  conic 
be  more  efficient  than  directly  narrowing  a  hich  power  ascii jator  with  dis¬ 
persive  elenents  or  using  an  oscillator-amplifier  combination.  In  the 
next  section  we  will  describe  our  injection  laser  experiment s .•  and  ther.  in 
the  following  section  make  a  comparison  of  injection  narrowing  wi fch  trie 
other  aforementioned  methods  for  obtaining  a  large  energy  par  pulse  with 
narrow  spectral  emission. 


*  By  low  power  dye  laser  we  mean  one  whose  pumping  rate  does  not  exceed 
the  threshold  pumping  rate  to  a  large  extent  as  compared  to  one  that  is 
driven  to  several  times  the  threshold  rate  for  maximum  power  output , 
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IT.  TKJECTION-KARROSfISG  STUDIES 


The  injection-narrowing  experiments  reported  here  utilized  a  low- 
power,  3us-long  pulse,  flashlas^'-cumped  dye  laser  to  in jecti on-narrow  a 
Candela  model  EDS25  coaxial  flsshlamp  dye  laser  that  is  capable  of  emitting 
2  joules  in  a  lps  pulse  width,  Since  flashlajrp-prnsjsed  dye  lasers  are 
usually  triggered  rsy  spark  gaps,  synchronization  of  two  lasers  whose  rise 
times  are  a  snail  fraction  of  a  microsecond  would  be  erratic  because  of  tne 
inherent  jitter  present  in  the  triggering  spark  gaps.  3y  using  a  longer 
3}«as  pulse  for  the  injection  laser,  the  submierosecond  jitter  in  the  trigger¬ 
ing  is  no  longer  a  problem  and  synenronizatien  can  be  achieved  cn  nearly 
every  shot. 

The  injection  laser  is  spectrally  narrowed  using  a  1200  f/nm  diffraction 
grating  and  a  resonant  reflector  to  fom  the  laser  cavity.  The  resonant 
reflector  was  constructed  by  coating  both  sides  of  a  thin  parallel  glass 
plate  with  a  501  reflecting  dielectric  coating.  The  maximum  reflectivity 
of  the  resonant  reflector  at  its  selected  wavelengths  would  be  more  than 
SG%.  When  the  injection  laser  is  pumped  about  20%  over  the  threshold  pimp¬ 
ing  rate,  its  emission  consists  of  one  to  three  lines  whose  widths  are 
near  0.1  nm.  The  separation  of  these  lines,  determined  by  the  free  spectral 
range  of  the  resonant  output  reflector,  is  C.48  nm. 

figure  1  shows  the  experimental  set  up  used  to  examine  injection  narrow- 
inq  of  the  Candela  laser.  The  dye  used  in  these  experiments  was  rhodamine 
6G  and  the  center  wavelengths  were  around  590  nm.  Referring  to  Fig.  1,  the 
injection  laser,  whose  beam  is  represented  by  the  broken  line,  has  a  dia¬ 
meter  about  3  mm  at  the  exist  of  the  laser.  Phis  beam  diameter  is  expanded 
by  a  factor  of  10  times  in  order  to  fill  the  16  mm  diameter  aperture  of  the 
Candela  laser.  About  35%  of  the  expanded  beam  is  reflected  from  a  beam 
splitter  and  sent  along  the  optic  axis  of  the  Candela  laser.  The  output 
reflertox.  of  the  Candela  transmits  75%  of  the  incident  injection  laser  beam 
and  allows  the  injection  laser's  radiation  to  build  up  in  the  lasing  cavity. 

The  two  lasers  are  triqgered  with  a  combination  Tektronix  162  waveform 
generator  and  two  163  pulse  generators.  Each  pulse  generator  sends  out  a 
trigger  pulse  that  can  be  delayed  relative  to  the  other  in  order  to  syn¬ 
chronize  the  flashlamps  so  the  short  prise  of  the  Candela  laser  occurs  near 
the  peak  of  the  injection  laser's  output.  To  meet  this  condition  it  is 
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i’i9 .  1  Injection  la&*>x  cet-up. 


issoessary  to  'feUy  tlv-  trigger  l"k  Cin«irCa  laser  sy  aboot  13»zs  relative 
to  tbs  injejtwi.  laser  Sri^scs  515321.  inject ion  laser  is  smtored 

vi~Jr.  3  PI? t  20  p&otc-ciciSs-  Lp  (Serec^  ir-g  the  laser  signal  iron  the  zero  order 
wficcti'j-!  of  the  ii'irjttior.  grititM.  This  signal  is  displayed  00  a  coal 
i»a2  osd!3«sco?f  elc-^jz.  with  <■_  flaslls®  current  aonitor  signal  from  the 
T^-r-deJa  laser,  in  ihrs  way  oi«*  s«n  set  ana  chrck  the  synchronisation  of 
the  lasers  froa  shot  to  shot. 

the  Candela  laser  vas  aligned  with  a  Se-ife  alignment  laser  ana  than  the 

expanu&d  injection  laser  beam  was  aligned  oolireariy  with  the  Ee-Ke  laser 

bean.  After  passing  through  the  bean  splitter,  the  Candela  laser  bean, 

represented  by  the  hashed  arrow,  was  attenuated  Ly  reflection  from  a  wedged 

glass  plate  and  then  with  a  Kratten  jjeuiral  density  >.0  filter.  The  bean 

was  then  sent  to  a  Oarreil-Ash  1  ester  Czerny-Turner  spectrograph  where  a 

spectrogram  of  the  Candela  laser  was  taken  on  Polaroid  type  55  positive/ 
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negative  fils.  The  resolution  or  the  spectrograph  ir  about  4  x  10  res. 

Spectioqrams  were  made  under  different  conditions  where  the  lasers 
were  synchronized  or  unsynchronized,  one  or  the  other  laser  blocked  to 
prevent  oscillation,  and  both  lasers  unblocked.  Wiser,  tfte  lasers  were  out 
r.i  synchronization  and  unblocked  only  the  broad  bend  emission  of  the  Candela 
lwser  was  recorded  on  the  film.  In  this  case  the  much  lower  intensity  of 
the  injection  laser  that  was  reflected  back  from  the  Candela  mirrors  was 
not  enough  to  expose  the  film.  When  the  lasers  were  brought  into  proper 
synchronization,  however,  injection  narrowing  was  easily  observed  since 
the  much  narrower  emission  line width  of  the  injection  laser  was  predominant 
on  tiie  film. 

Figures  2,  3,  and  4  were  made  by  taking  microphotcmeter  traces  from  the 
Polaroid  negative  film.  The  vertical  axes  in  these  figures  can  be  related 
tc  the  Intensity  of  the  incident  light  .in  one  portion  of  the  output  beam. 
Using  a  calibrated  step  attenuating  film  tc  check  the  microphotoraster, 
however,  it  was  determined  that  the  ordinate  is  not  a  linear  scale  in 
intensity  and  to  preserve  the  proper  relation  between  low  intensity  and  high 
intensity  portions  of  the  traces,  the  high  peaks  in  Figs.  3  and  4  should  be 
ahout  30%  higher  than  shown.  The  horizontal  axis,  of  course,  'eprerents 
wavelength  with  the  scale  shown  in  Fig.  2. 


■JWfiEi'lC* 


Fig.  ?  Output  spactrms  of  the  Ccncsle  laser  with  mo  injectioa- 


} 
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Fig.  3  Output  spectrum  of  the  Candela  ) aser  vi'h  injection. 
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Fig.  4  Partial  locking  of  the  Candela  laser  spectrum  with  injection. 
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figure  2  sirayics  tbe  oatpst  of  the  CanosSa  laser  close.  The  bandwidth  of 
the  ead^sicn  is  arossd  4,0  ».  It  c2n  he  seen  iros  Fig.  2  that  the  emission 
spectiua  is  aaiolated  to  a  fairly  high  degree.  Uis  is  caused  by  interfer¬ 
ing  reflections  in  the  resonating  cavity  from  the  winoov-s  :-f  the  optical 
cell  that  contains  the  flowing  dye  solution.  The  Candela  laser  in  this 
instance  vss  emitting  about  0. 3J.  Figure  3  shows  the  result  under  identical 
conditions  as  those  of  Fig.  2  except  that  the  injection  laser  is  unbloaced 
and  synchronized  with  the  Candela  laser.  In  Fig.  3  we  see  the  emission 
spectrum  is  that  of  the  injection  laser  but  the  bees  energies  are  of  the 
order  of  those  of  the  Candela  laser.  The  Candela  laser,  then,  has  essentially 
locked  its  output  to  the  injection  laser’s  spectrum.  The  two  emission  peaks 
represent  two  codes  of  the  injection  laser’s  resonant  reflector  and  are 
separated  by  0.48  nra.  There  is  also  a  barely  resolvable  fine  structure 
contained  in  each  of  the  two  emission  peaks.  This  is  caused  by  interfering 
reflections  from  the  dye  cell  windows  of  the  injection  laser.  A  micro- 
photonater  trace  made  at  a  slower  speed  more  clearly  resolves  the  structure 
in  these  emission  peaks  and  shows  that  the  longer  wavelength  peak  contains 
4  subpeaks  of  which  the  third  subpeak  is  reduced  about  30%  from  the  other 
3  subpeaks.  The  amount  of  reduction  of  the  third  subpeak  and  its  spacing 
relative  to  the  first  subpeak  agrees  with  the  modulation  depth  and  spacing 
of  the  Candela  laser  modulation  as  observed  in  Fig.  2.  In  another  spec¬ 
trogram  taken  at  a  slightly  different  wavelength  one  of  the  two  main  peaks 
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has  only  one  subpean  and  a  half  width  of  about  5  x  10  nra.  This  is  abouc 
the  resolution  of  the  spectrometer  so  the  actual  emission  width  in  this  case 
was  somewhat  smaller. 

Considering  the  losses  of  the  beam  elevator  and  director,  the  beam 
expander  lenses,  and  the  fraction  reflected  by  the  beam  splitter,  about  22% 
of  the  injection  laser’s  output  is  directed  towards  the  output  reflector  of 
the  Candela  laser.  This  output  raf lector  transmits  75%  of  the  incident 
beam  allowing  the  injected  radiation  to  build  up  within  the  Candela  resonator 
cavity.  The  smaller  bore  diameter  of  the  Candela  laser  with  respect  to 
the  expanded  injection  laser  beam  diameter  reduces  the  injection  power  by  an 
additional  factor  of  27.4%.  The  injection  laser  power  transmitted  into  the 
Candela  laser  cavity,  then,  is  about  4.7%  of  the  output  of  the  injection 
laser.  The  PIN  10  photodiode,  used  to  monitor  the  injection  laser,  was 
calibrated  by  simultaneously  measuring  the  output  power  with  a  calibrated 


ITT  vacuum  photodiode  and  diffuse  reflector.  For  the  spectrogram  in  Fig.  3 
the  PEi  10  diode  nonitor  indicated  that  the  injection  laser  was  generating 
about  230  watts  at  the  tine  the  Candela  laser  fired.  In  this  instance,  then, 
the  injected  laser  power  sent  into  the  Candela  laser  cavity  would  be  about 
11  watts.  For  a  comparison  we  can  estimate  the  anoint  of  fluorescence  power 
generated  in  the  laser  cavity  nodes  by  considering  the  fluorescence  emitted 
into  the  solid  angle  of  the  laser  bears.  Estimations  of  the  conversion 
efficiency  of  electrical  power  driving  the  flvinhlacps  to  light  power  ab¬ 
sorbed  by  the  dye  laser  pump  bands,  the  quantum  efficiency  for  fluorescence, 
<*nd  the  shift  in  wavelength  from  absorption  to  fluorescence  gives  a  factor 
of  about  0-3%  for  the  conversion  of  punping  power  to  fluorescence  power. 

This  conversion  efficiency  is  slightly  greater  than  the  measured  0.27%  laser 
efficiency  at  the  300  Wf  peak  punping  level  used  for  Figs.  2,  3,  and  4.  The 
threshold  punping  rate  was  found  to  be  90  JOT.  Therefore  at  this  pumping 
rate  we  would  have  0.27  MW  of  fluorescence  power.  Since  che  fluorescence 
radiates  into  4rr  steradians,  we  can  estimate  the  amount  of  fluorescence 
that  is  radiated  into  the  cavity  resonator  modes  by  considering  the  frac¬ 
tion  of  the  total  solid  angle  included  in  the  laser  divergence  angle. 

Allowing  for  two  directions  of  emission  ana  a  divergence  angle  of  2.5  mrad, 
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we  get  a  fraction  of  0.78  x  10  .  Multiplying  this  fraction  by  the  0.27  MW 

we  obtain  0.2  watts  of  fluorescence  generated  into  the  Candela  resonator  modes 
near  the  threshold  of  oscillation.  This  is  more  than  an  order  of  magnitude 
less  than  the  injected  laser  power  sent  into  the  resonator  and  causes  the 
Candela  laser  to  emit  practically  all  of  its  energy  into  that  part  of  the 
injection  laser's  spectrum  that  builds  up  in  the  resonator  cavity  modes. 
Spectrograms  taken  where  the  injection  laser  power  was  several  times  smaller 
shows  a  considerable  amount  of  broad  background  radiation.  In  this  case 
the  laser  was  only  partially  locked  to  the  injection  laser  spectrum.  A 
case  like  this  is  shown  in  Fig.  4.  From  this  figure  it  appears  as  though 
the  injected  signal  depletes  the  long  wavelength  side  of  the  Candela  spectrum. 
It  is  also  interesting  to  note  that  injection  locking  can  be  observed  even 
when  the  injection  laser's  emission  lines  are  shifted  in  wavelength  to  lie 
outside  the  natural  emission  wavelength  of  the  Candela  laser.  In  this  case 
lasing  action  is  observed  at  a  wavelength  which  without  injection  \ould  lie 
below  threshold. 
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171.  CONCLUSIONS 

These  experiments  confirm  that  a  relatively  small  amount  of  injection 
power  can  control  the  spectral  distribution  of  much  larger  power  levels 
produced  by  a  dye  laser  oscillator.  Many  spectrograms  have  been  taken  with 
the  injection  laser  system  described  above  with  different  pumping  energies 
c-jr.d  injected  power  levels.  They  show  that  the  injected  field  must  compete 
with  the  fluorescence  power  generated  in  the  oscillator  resonator  modes; 
and  a  minuscule  amount  of  injected  power  ir,  a  high  power  oscillator  will 
not  lock  the  oscillator  to  the  spectrum  of  the  injected  field.  The  injected 
power  requirement  for  locking  the  oscillator  is  relatively  small;  in  the 
results  demonstrated  above  11  watts  was  more  than  sufficient  to  lock  the 
oscillator  driven  Joy  300  MW  of  flashlamp  pumping.  Even  though  injection 
narrowing  of  a  high  power  oscillator  does  offer  a  very  attractive  alternative 
to  direct  frequency  narrowing  techniques  and  oscillator-amplifier  combinations, 
100%  utilization  of  the  output  capabilities  of  the  laser  cannot  be  made 
because  soma  output  power  must  be  sacrificed  from  the  oscillator  in  order 
to  be  able  to  inject  the  field  of  the  frequency  narrowed  laser.  In  our 
experiment  this  loss  came  from  the  beam  splitter  that  was  placed  external 
to  the  oscillator  cavity.  In  practice,  however,  this  loss  could  be  reduced 
to  a  few  percent  by  choosing  appropriate  reflecting  optics  for  the  beam 
splitter  and  properly  matching  the  beam  sizes. 

One  could,  for  example,  use  a  Brewster  angle  reflector  as  shown  in 
Fig.  5a  to  reflect  the  injection  laser  beam  along  the  optic  axis  of  the 
oscillator.  The  reflected  beam  could  then  be  sent  through  a  45°  rotator 
and  then  into  the  oscillator.  The  oscillator  output  would  lock  to  the 
polarization  of  the  injected  beam  and,  traveling  in  the  opposite  direction, 
its  output  would  be  rotated  an  additional  45°  and  transmitted  by  the  Brewster 
angle  reflector.  The  losses  in  this  case  would  just  be  the  losses  of  the 
rotator.  Another  scheme  that  is  very  attractive  is  shown  in  Fig.  5b.  In 
this  case  the  output  reflector  of  the  injection  laser  is  also  used  as  the 
high  reflectivity  reflector  of  the  oscillator.  The  loss  to  the  high  power 
oscillator  would  be  in  the  reduction  in  the  reflectivity  of  its  mirrors 
required  for  injecting  the  tuned  laser.  The  beam  expander  in  Fig.  5b 
matches  the  small  beam  diameter  of  the  injection  laser  to  the  larger  diameter 
of  the  high  power  oscillator  ar.d  makes  the  tilted  etalon  more  effective 
in  frequency  narrowing.  By  placing  the  injection  laser  at  an  appropriate 
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Exg.  5  Injection  laser  systems  design 

(a)  using  a  Brewster  angle  plate  for  efficient  injection, 

(b)  using  a  common  reflector  and  a  reflection  grating,  and 

(c)  using  a  common  reflector  and  a  transmission  grating. 
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angle  relative  to  the  oscillator,  a  transmission  type  diffraction  grating 
could  be  used  after  the  tilted  etalon  as  shown  in  Fig.  5c.  This  would  make 
better  use  of  the  beam  expander  for  frequency  narrowing.  For  this  case  a 
100%  reflector  would  replace  the  reflection  grating  of  Fig.  5b, 

In  comparing  the  efficiency  of  an  injection  narrowed  laser  system  with 
a  narrowed  oscillator  system  consideration  must  be  made  of  the  additional 
energy  required  to  drive  the  low  power  injection  laser.  For  excmple,  if  a 
linewidth  requirement  is  only  0.3  nm,  direct  frequency  narrowing  of  an 
oscillator  will  decrease  the  broadband  output  by  only  about  30%.  Using 
injection  narrowing,  one  would  be  capable  of  achieving  the  same  linewidth 
with  only  a  few  percent  reduction  in  the  oscillator  output  capabilities;  but, 
of  course,  this  would  require  another  laser  with  additional  power  consumption. 
In  this  case  direct  frequency  narrowing  of  an  oscillator  would  be  advantage¬ 
ous.  On  che  other  hand,  for  very  narrow  emission  widths  on  the  order  of 
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5  x  10  nm  or  less,  the  reduction  in  output  capability  with  direct  narrowing 
becomes  70%  or  mere,  and  injection  narrowing  becomes  an  attractive  alternative 
to  direct  frequency  narrowing. 

In  order  to  achieve  the  output  power  levels  with  narrow  linewidths 
which  can  be  reached  by  injection  narrowing  of  a  high  power  oscillator,  a 
conventional  low  power  oscillator  plus  multistage  amplifier  system  would  have 
to  work  under  small  signal  gain  conditions  for  most  of  the  amplification 
process.  Not  only  is  the  small  signal  regime  intrinsically  very  inefficient 
for  power  amplification,  but  also  the  losses  associated  with  a  multiplicity 
of  amplifier  stages  (or  multipassing  a  single  stage)  and  the  losses  to 
fluorescence  when  operating  in  the  small  signal  amplification  regime  would 
combine  to  make  the  conventional  oscillator-amplifier  apprr ach  impractical. 

In  summary,  then,  it  has  been  demonstrated  that  injection  narrowing  is 
a  realizable  approach  to  obtaining  high  power  and  energy  per  pulse  with  a 
spectrally  narrow  and  tunable  output.  For  linewidths  on  the  order  of  a  few 
tenths  nanometer  or  more,  direct  narrowing  of  the  oscillator  with  dispersive 
elements  in  the  laser  resonator  cavity  is  the  best  approach.  However,  for 
narrower  linewidths  as  required  for  resonance  scattering  (on  the  order  of 
a  few  thousandths  of  a  nanometer) ,  or  possibly  for  lower  beam  divergence 
qualities,  the  injection  laser  technique  appears  to  be  the  best  approach. 
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Thermally  induced  distortion,  one  of  the  important 
average-power-limiting  factors  in  dye  lasers,  has  been 
eliminated  by  the  use  of  the  General  Electric  Zig-Zag- 
Face-Pumped  Laser  configuration  with  transverse  dye 
flow.  The  model  described  in  this  report  has  produced 
an  output  power  of  1  watt  with  an  overall  fficiency  of 
0.  04%  using  unpurified  commercial  dye  and  no  quenchants 
other  than  oxygen.  The  limit  on  its  output  is  in  the 
pulsing  circuitry,  not  thermal  distortion.  Efficiency  is 
limited  by  the  inability  to  use  the  full  9  cm2  aperture  as 
an  oscillator.  Measurements  of  the  performance  both  as 
an  amplifier  and  an  oscillator  are  in  good  agreement  with 
detailed  theoretical  analysis,  and  this  analysis  indicates 
that  both  the  output  and  efficiency  can  be  readily  in¬ 
creased  in  future  more  nearly  optimal  versions. 

*This  research  was  supported  by  the  Advanced  Research 
Projects  Agency  of  the  Department  of  Defense  and  was 
monitored  by  ONR  under  Contract  No.  N0014-72C-0503. 
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THE  DYR-ZIG-ZLAG-rACE-PUKPrD  LASER: 

A  HIGH  AVERAGE  POWER,  HIGH  BRIGiTHESS  TU1LA3LE  LASER* 

R.L.  St-  Peter"  and  D.J.  Taylor 

I.  INTRODUCTION 

Dye  lasers ,  which  use  an  organic  fluorescent  dye  in  a  liquid  solution  as 
the  active  medium,  are  the  most  important  tunable  lasers  operating  in  the  visible 
portion  of  the  spectrum.  This  spectral  region  plus  part  of  the  near  IR  can  be 
continuously  covered  using  only  a  few  dyes,  and  frequency  doubling  techniques 
extend  the  tuning  range  to  at  least  250  nm  in  the  near  uv. 

One  of  the  important  limitations  on  the  average  power  capability  of  dye 
lasers  is  the  distortion  caused  by  thermally  induced  inhomogeneities  in 
the  dye  solution.  The  dye  Zig-Zag-Face-Pumped  Laser  (DZZ-FPL)  configuration 
reduces  these  inhomogeneities  by  uniform  pumping  of  the  dye  solution  and  by 
rapid  circulation  of  the  dye  solution  through  the  active  region.  Furthermore, 
the  optical  configuration  is  such  that  the  residual  distortions  are  largely 
self-canceling,  resulting  in  a  very  small  net  distortion. 

We  have  constructed  and  tested  a  prototype  DZZ-FPL  in  order  to  determine 
optimum  design  parameters,  to  establish  a  basis  for  predicting  the  performance 
of  future  DZZ-FPL  designs,  and  to  demonstrate  the  low  distortion  properties  and 
high  average  power  potential.  With  one  kilowatt  average  input  power  at  two 
pulses  per  second,  no  distortion  was  observed.  We  have  achieved  average  output 
power  of  1W  at  3  pps.  The  low  efficiency  of  0.04%  is  a  result  of  the  particular 
configuration;  higher  efficiencies  and  outputs  for  the  same  input  are  possible. 


*  This  research  was  supported  by  the  Advanced  Research  Projects  Agency  of  the 
Department  of  Defense  and  was  monitored  by  ONR  under  Contract  No.  N0014-72- 
0-0503 . 
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1 1 .  CONSTRUCTION 

The  core  of  the  DZZ-FPL  is  a  series  of  transparent  prisms  with  channels 
between  then,  as  illustrated  in  Fig-  1.  This  prism  assembly  is  housed  in  a 
long  glass  box,  which  also  encloses  the  dye  reservoirs-  The  dye  solution  flews 
vertically  through  the  channels  and  is  optically  pimped  by  two  linear  flashlamps, 
one  along  each  side  of  the  structure.  The  end  prisms  have  faces  perpendicular 
to  the  axis  of  the  prism  structure;  this  axis  is  also  the  optical  axis  of  the 
DZZ-FPL.  The  lamps  are  enclosed  in  reflectors  which  direct  the  pumplight  toward 
the  dye  in  the  channels.  An  end  view  diagram  is  shown  in  Fig.  2. 

In  order  to  contain  the  pump  light  within  the  dye  channel-prism  core  until 
it  is  absorbed  by  the  dye,  the  prisms  are  aluminum  coated  on  the  top  and  bottom. 
These  coated  surfaces  and  the  lamp  reflectors  form  a  nearly  continuous  reflective 
cavity  open  only  at  the  ends  and  at  the  necessary  holes  for  dye  flow,  lamp 
electrodes,  etc.  Since  aluminum  coatings  come  off  when  bathed  in  the  dye  solu¬ 
tion  particularly  under  pumplight  illumination,  the  aluminum  was  overcoated 
with  SiO,  and  the  prisms  were  then  baked  in  air  at  300°C  for  18  hours.  The 
aluminum  coatings  resulting  from  this  treatment  proved  quite  durable  but  still 
showed  some  degradation  during  the  DZZ-FPL  +•  ting,  perhaps  due  to  small  holes 
in  the  overcoat. 

In  order  to  keep  the  loss  due  to  absorption  in  the  prisms  low,  the  prisms 
were  made  from  Dynasil  8000  grade  low  schlieren  fused  silica  selected  for 
freedom  from  bubbles.  The  prisms  were  cut  with  the  deposition  planes  of  the 
material  oriented  perpendicular  to  the  optic  axis  to  further  reduce  schlieren 
distortion.  The  windows  at  the  ends  of  the  DDZ-FPL  wore  made  of  BK-7  optical 
glass  initially-  Subsequently  windows  of  fused  silica  with  multi-layer  dielectric 
anti-reflection  coatings  on  the  external  surfaces  were  used,  resulting  in  a 
substantial  performance  improvement  as  described  later. 

The  optical  aperture  is  3  cm  by  3  cm.  Ten  channels  were  used  with  various 
thicknesses  as  discussed  below.  The  overaJl  length  of  the  core  structure,  which 
varied  slightly  with  channel  thickness,  was  approximately  30  cm. 

The  electrical  circuit  used  for  the  single  pulse  measurements  is  shown  in 
Fig.  3.  Separate  3.5  yf  capacitors  for  each  lamp  v/ere  charged  by  a  single  DC 
supply  through  100  kfi  resistor^.  The  lamp  cathodes  were  connected  to  a  common 
triggered  spark  gap  in  order  to  assure  simultaneous  firing  of  both  lamps.  This 


PRISM  THICKNESS  ( NORMAL  TO  PASE)*W 

Fig.  1  Top  view  of  Dye  Zig-Zag- Face-Pumped  Laser. 
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Fig.  3  Electrical  circuit  for  pulsing  DZZ-FPL  flashlamps. 


circuit  was  later  modified  fcr  the  gain  and  distortion  measurements.  Instal¬ 
lation  of  separate  soar):  gaps  for  each  lamp  reduced  the  jitter  in  the  delay 
between  triggering  and  lamp  firing  iron  typically  40  ysec  to  less  than  1  ysec 
while  still  providing  simultaneous  firing  cf  both  lanes,  so  as  to  allow  synchro¬ 
nization  with  an  external  oscillator  for  gain  measurements.  For  the  repetition 
rate  measurements  a  Hipotronics  power  supply,  capable  of  2  amps  at  15  kV,  pro¬ 
vided  the  charge  on  the  3.5  yf  capacitors  through  two  15  kfi  resistors  that  were 
cooled  by  flowing  transformer  oil.  With  this  supply  the  risetime  to  the  65% 
point  of  140  msec  (more  than  twice  the  expected  RC  charging  time-constant  of 
52  msec  due  to  an  internal  saturable  reactor)  effectively  sets  the  maximum 
repetition  rate  at  approximately  7  pps  (the  dye  flow  rate,  discussed  below, 
also  limits  this  system  to  7  pps.)  Consistent  firing  at  5  pps  was  observed  with 
virgin  lamps  and  freshly  cleaned  spark  gaps. 

The  dye  flow  arrangement  in  the  DZZ-FPL  is  shown  in  Fig.  4.  Two  inlets 

on  the  bottom  and  two  outlets  on  the  top  were  used.  The  inlet  at  one  end  and 

the  outlet  at  the  other  end  were  partially  restricted  by  a  section  of  smaller 

diameter  tubing.  This  arrangement  was  necessary  to  assure  a  good  dye  flow 

through  each  channel.  A  pump  circulated  the  dye  through  the  DZZ-FPL,  a  dye 
reservoir,  a  heat  exchanger,  and  a  coarse  filter.  Tap  water  was  circulated 
through  the  other  heat  exchanger  chamber.  The  dye  flow  rate  was  approximately 
90  ml/sec,  so  that  exchanging  the  total  volume  of  dye  within  the  channels 
required  0.13  sec. 
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III.  SINGLE  PULSE  MEASUREMENTS 


A.  Parameter  Optimization 

Early  developmental  vork  on  the  DZZ-FPL  had  used  a  version  with  channels 

l 

6.3  mm  thick.  The  optimum  concentration  of  Rhodamine  6G  in  ethanol  was  fourd 

-4 

to  be  approximately  2x10  M.  Observation  of  the  flow  of  dye  solution  through 
this  early  version  made  it  clear  that  thinner  channels  were  desirable,  since 
for  example  the  solution  tended  to  swirl  about  in  the  channels  rather  than 
flowing  continuously  through  them.  Use  of  narrower  channels  requires  a  higher 
concentration  if  the  same  number  of  dye  molecules  is  to  be  maintained  in  the 
active  volume.  Substantially  smaller  channels  require  concentrations  higher 
than  those  found  in  the  literature  and  it  was  expected  that  at  seme  point  dye- 
solvent  interactions  or  other  concentration-dependent  effects  would  reduce  the 
performance.  The  first  part  of  this  investigation  was  to  experimentally  deter¬ 
mine  the  minimum  channel  thickness  and  concentration  at  which  the  single  pulse 
performance  could  be  maintained. 

For  these  measurements  the  DZZ-FPL  was  used  as  an  oscillator  since  oscillator 
tests  are  simpler -than  amplifier  tests.  The  cavity  consisted  of  two  mirrors, 
each  5  cm  in  diameter,  spaced  77  cm  apart.  One  mirror  had  a  5  m  radius  surface 
with  a  broadband  high  reflectivity  coating,  the  other  was  flat  with  a  transmission 
measured  to  be  18%  at  595  nm,  the  measured  wavelength  at  which  lasing  occurred. 

All  tests  were  made  using  Rhodamine  6G  in  ethanol  as  the  dye  solution.  The 
optimum  concentrations  for  each  of  these  channel  widths  were  determined  by 
threshold  measurements,  and  it  was  also  determined  that  these  concentrations 
yielded  the  maximum  output  for  a  constant  input  pump  level. 

An  ITT  vacuum  photodiode  with  an  S-l  photocathode  and  a  factory  supplied 
sensitivity  vs.  wavelength  curve  was  used  to  measure  the  energy  output.  The 
wavelength  of  oscillation  was  measured  to  be  ^  595  nm  using  a  small  hand-held 
grating  spectrometer  and  confirmed  using  interference  filters.  The  output  of 
the  DZZ-FPL  was  incident  on  an  approximately  Lambertian  surface  whose  scattering 
angle  curve  had  been  measured.  This  surface  consisted  of  a  layer  or  MgO  about 
6  mm  thick  covered  with  2  thin  layers  of  Eastman  Kodak  high  reflectance  paint. 

The  detector  was  placed  so  that  it  viewed  this  surface  at  a  known  angle  to  the 
normal  (near  zero  to  minimize  the  sensitivity  to  uncertainty  in  the  angle)  and 
from  a  measured  distance.  The  power  incident  on  the  detector  was:  thus  propor¬ 
tional  to  the  output  power, 

7Z 


7 


cos  6 


where  P,  =  power  at  the  detector, 
a 

Pq  =  laser  output  power, 

A,  =  detector  area, 
a 

R  =  detector-scattering  surface  distance,  and 

9  =  angle  to  scattering  surface  normal. 

This  equation  assumes  a  Lambertian  surface  which  is  perfectly  efficient  (i.e., 
scatters  all  light  incident  on  it  with  no  absorption) .  Our  surface  was  not 
exactly  Lambertian  nor  perfectly  efficient,  but  the  deviations  were  small 
and  nearly  mutually  canceling,  making  this  equation  a  good  approximation. 

The  output  of  the  detector  was  stored  on  a  capacitor.  The  voltage  across 
this  capacitor  at  any  instant  was  thus  proportional  to  the  total  energy  incident 
on  the  detector  up  to  that  time ..  This  voltage  was  observed  on  an  oscilloscope, 
and  a  sharp  rise  could  be  seen  when  lasing  occurred.  At  low  output  this  sharp 
rise  was  superimposed  on  a  slower  rise  caused  by  pimp  light  and  dye  fluorescence; 
care  was  taken  to  subtract  this  contribution  to  the  total  detected  energy.  As 
a  check,  the  capacitor  was  removed  and  the  voltage  across  a  resistor  in  series 
with  the  detector  output  was  observed  on  the  oscilloscope.  This  voltage  was 
proportional  to  the  instantaneous  power  at  the  detector.  The  energy  was  obtained 
from  the  area  of  the  pulse.  The  laser  pulse  appeared  as  a  short  (<2y  sec)  high 
pulse  superimposed  on  the  longer  6y  sec)  low  pump  pulse.  The  two  signals 
were  more  easily  separated  with  this  type  of  display.  The  results  obtained 
for  the  laser  pulse  energies  were  in  good  agreement  between  these  two  methods. 

For  each  channel  thickness  the  output  and  slope  efficiency  were  measured 
using  the  concentration  which  yielded  the  lowest  threshold.  The  single  pulse 
performance  using  the  two  larger  channel  thicknesses  was  essentially  the  same, 
while  the  performance  with  the  thinnest  channels  was  substantially  worse.  The 
performance  data  for  these  three  cases  are  shown  in  Fig.  5  and  in  Table  I.  From 
Fig.  5  and  Table  I,  it  is  clear  that  the  performance  of  the  DZZ-FPL  is  not  much 
different  using  0.91  mm  channels  and  1.17  mm  channels.  The  apparent  slight 
inferiority  of  the  performance  with  1.17  mm  is  probably  not  real  and  a  result 
of  some  combination  of  the  following: 
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Fig.  5  Output  energy  as  a  function  of  input  energy  for  three 
channel  thicknesses. 


TABLE  I.  DYE  CONCENTRATION,  THRESHOLD  ENERGY, 
AND  SLOPE  EFFICIENCY  FOR  THREE  CHANNEL  THICKNESSES. 


Spacer  Thickness 
mm 

Optimum  Cone. 

Molar . 

Threshold 

J 

Slope  Efficiency 
% 

0.53 

1. 5xl0~3 

521 

0.015 

0.91 

1.25xl0-3 

397 

0.043 

1.17 

-4 

5x10 

416 

0.039 
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1.  The  1.17  mm  data  were  the  last  taken  and  the  flashlamps  may  have 
been  degraded. 

2.  The  concentration  may  not  have  been  optimal.  The  performance 
is  not  very  sensitive  to  concentration  over  a  range  of  a  factor 
of  2  or  3  around  the  optimum  concentration,  making  the  optimum 
difficult  to  determine  precisely.  In  particular,  the  optimum 
concentrations  for  0.91  mm  and  1.17  mm  channels  are  probably 
not  as  different  as  Table  I  indicates. 

3.  There  may  have  been  slight  differences  in  the  mirror  alignment 
or  the  positioning  of  the  detector  and  diffuse  reflector,  since 
these  measurements  were  separated  by  a  number  of  days. 

The  performance  with  0.53  mm  channels,  however,  is  degraded  by  a  factor  of 
2  in  slope  efficiency  and  the  threshold  is  30%  higher. 

It  is  thus  concluded  that  the  optimum  channel  thickness  (i.e.,  the  smallest 

channel  width  at  which  the  single  pulse  performance  is  not  degraded)  is  near 

-  3 

0.9  mm  and  the  corresponding  optimum  concentration  is  near  1.25x10  M. 

These  tests  were  performed  before  th  i  fused  silica  anti-reflection  coated 
end  windows  were  available.  The  round  trip  absorption  and  reflection  losses 
(excluding  dye  self- absorption)  were  found  total  12%  for  this  configuration. 
Thus  the  performance  shown  in  Fig.  5  only  indicates  the  relative  performance  of 
the  various  channel  thicknesses.  The  performance  available  from  the  lc-.-  oss 
version  with  or  imum  channel  size  and  concentration  is  presented  below. 

B-  Oscillator  Output  Power  and  Gain 

Detailed  studies  of  the  Dye  Zig-Zag-FPL  as  an  oscillator  and  as  an  amplifier 
were  made  on  the  optimized  DZZ-FPL  configuration.  Losses  were  reduced  to  a 
minimum  by  u<?ing  prisms  of  fused  silica,  for  which  absorption  and  scattering 
losses  are  immeasurably  low,  and  fused  silica  end  windows,  which  were  anti- 
ref  lection-coated  on  the  outside.  The  only  remaining  transmission  losses  are 
the  dye  self-absorption,  Fresnel  losses  at  the  prism/dye  interfaces  'only  0-55% 
single-pas  .or  the  favored  polarization) ,  scattering  losses  at  the  surfaces, 
and  any  absorption  by  the  solvent.  The  measured  transmission  loss  at  632 -S  nm 
<He-Ne) ,  where  dve  self-absorption  is  negligible,  was  less  than  2%.  The  30  cm- 
lor.g  xenon  flasnlam;  s  with  5  mm  bore  diameter  used  in  the  earlier  experiments 
were  replaced  by  7  nun  I  r<  flashlamps,  offering  a  more  nearly  optimum  spectral 


distribution  and  longer  lamp  life.  For  these  studies  the  channel  thickness 

-4 

was  0.91  mm  and  the  concentration  of  dye  in  ethanol  was  5  x  10  M,  since  it 

was  found  above  that  performance  is  not  very  sensitive  to  concentration  within 
-4-3 

the  range  5  x  10  to  1.23  x  10  M.  The  oscillator  cavity  configuration  was 
the  same  as  that  described  earlier,  with  an  18%  transmitting  output  mirror, 
and  oscillation  occurred  at  a  wavelength  of  about  595  nm. 

The  output  energy  from  this  DZZ-FPL  oscillator  was  measured  using  the 
calibrated  photodiode  and  integrating  circuit  that  were  described  above.  The 
single  pulse  laser  output  energy  as  a  function  of  the  energy  stored  in  the 
capacitors  is  shown  in  Fig.  6.  The  threshold  energy  was  230  J,  and  a  laser 
output  of  0.22  J  was  obtained  with  550  J  pimping,  for  an  overall  efficiency 
of  0.040%.  The  region  of  slowly  increasing  output  has  also  been  observed  in 
the  operation  of  previous  DZZ-FPL  versions,  and  seems  to  be  characterized  by 
an  increasing  spot  size  (larger  number  of  transverse  modes  oscillating) .  The 
s) ipe  efficiency  in  the  linear  region  of  0.077%  was  nearly  twice  that  obtained 
from  the  higher- loss  version.  The  major  factor  in  this  increase  was  the  1.60 
times  higher  output  coupling  efficiency  due  to  the  reduced  transmission  loss; 
the  remainder  of  the  slope  efficiency  improvement  was  due  to  higher  spectral 
efficiency  and  other  factors.  The  temporal  behavior  of  the  DZZ-FPL  laser 
pulse  essentially  followed  the  lamp  pulse  except  that  it  was  somewhat  shorter 
at  both  the  rising  edge  and  the  falling  edge  due  to  the  DZZ-FPL  threshold.  The 
lamp  pulses  were  typically  8  psec  between  half-power  points,  while  the  laser 
pulses  were  typically  5  psec  ±  1  psec. 

A  convenient  and  accurate  way  to  measure  both  the  small-signal  gain  and 
the  cold-cavity  loss  of  a  laser  oscillator  is  measure  its  threshold  with  and 
without  an  additional  known  cavity  loss.  For  example,  one  of  the  cavity  mirrors 
may  be  replaced  by  a  mirror  of  higher  transmission,  or  a  device  of  known  attenua¬ 
tion  may  be  inserted  into  the  cavity.  Adopting  the  latter  technique,  we  utilize^ 
the  Fresnel  reflections  from  a  clean  glass  slide  inserted  at  near  normal  incidence 
(sufficiently  far  from  normal  to  avoid  resonance  effects) .  This  additional  round 

trip  loss  6  =  0.160  caused  threshold  to  rise  from  241  to  333  J.  From  the  expres- 

s 

sion  E  (slide)/E  .  (no  slide;  =  [ 1—  (i— C  ) (1-5  )  (1-5  ) )/[ 1— (1—6  )  (1-6  j,  where 
th  tn  o  e  s  o 

•  =  0.18  is  the  transmission  of  the  outr  it  mirror,  we  determine  the  round-trip 

e 

cold  cavity  loss  to  br  6  =  0.13%  or  single-pass  loss  of  7.2%.  The  major  contri¬ 

butions  to  the  si.igle-oass  loss  are  the  reflection  loss,  expected  to  be  0.55%, 
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Fig.  6  Output  energy  of  optimized  DZZ-FPL. 
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as  discussed  above,  and  dye  self- absorption  loss.  This  loss  may  be  estimated 

”18  2  2 

from  the  absorption  coefficient  £  %  0.15  ±  0.05  x  10  cm  given  by  Snavely's 

-4 

Fig.  10  at  A  =  595  nm.  With  dye  concentration  5  x  10  M  and  dye  length  along 
o 

the  optical  p,-:  h  £  =  1.40cm,  this  value  predicts  (to  within  h,  30%)  a  single-pass 
self-absorption  loss  of  (1-e  £N^)  -  0.061,  which  accounts  for  virtually  all  of 
the  observed  loss. 

Knowledge  of  the  laser  cavity  losses  permits  the  calculation  of  the 

optimum  output  coupling,  following  the  theory  presented  by  Siegman  .  Based 

upon  a  threshold  of  230J  with  the  6  =0.18  output  mirror,  the  minimum  possible 

e 

threshold,  obtained  with  c  =0,  Would  be  E  =  108.8  J.  The  optimum  output 

e  po 

coupling  for  pumping  at  500  J  is  then  6^  (optimum)  =  6^  [  E^/E^  -  1]  =  0.159, 
which  is  so  close  to  the  18%  coupling  of  the  present  output  mirror  that  the 
output  power  we  obtained  is  within  1%  of  that  which  would  be  obtained  with  the 
exact  optimum  coupling. 

This  technique  for  determining  the  cavity  losses  also  permits  evaluation  at 

two  points  of  the  small-signal  gross  gain  coefficient  gQ  as  a  function  of  flash- 

lamp  energy,  since  at  threshold  gain  equals  loss.  We  distinguish  gross  gain  g  , 

gA  ^ 

defined  on  a  single-pass  basis  by  I  (pumped) /I  ^  (unpumped)  =  e  ,  from 

out  out  (g  -a  )Ji 

net  gain  (g  -  a  ) ,  defined  for  a  single  pass  by  I  /I .  =  e  °  °  ,  where  a  &= 

o  o  out  in  o 

0.072  is  the  loss  measured  above.  The  measured  data  for  g  &,  presented  in  Fig.  7, 

o 

lie  very  close  to  a  straight  line  passing  through  the  origin,  as  expected.  Thus, 

from  Fig.  7,  the  gain  coefficient  at  500  J  is  0.226  cm  *  and  the  net  single-pass 

(q  0*  ~  ex  5/) 

gain  of  the  DZZ-FPL  is  e  yo  o  -1  =  0.276.  This  measured  gain  coefficient 
will  be  compared  with  theory  in  a  later  section;  we  now  present  the  results  of 
a  single-pass  amplifier  experiment  to  verify  the  gain  value. 

The  single-pass  gain  of  the  DZZ-FDL  was  measured  by  its  amplification  of  the 
low-power  signal  from  another  flashlamp-pumped  dye  laser.  This  technique  suffers 
from  many  experimental  difficulties  and  inaccuracies,  so  only  qualitative  agree¬ 
ment  with  the  above  results  was  obtained.  The  flashlamp  pulse  for  the  probe 
laser  was  about  10  Usee  long  and  timed  to  coincide  with  the  DZZ-FPL  flashlamp 
pulse  (separate  spark  gaps  for  the  two  DZZ-FPL  lamps  were  required  in  order  t 
achieve  consistent  timing) .  Due  to  the  low  output  power  of  the  probe  laser  in 
comparison  with  tne  DZZ-FPL  fluorescence,  it  was  convenient  to  detect  the  output 
signal  through  a  narrow-band  interference  filter,  with  the  probe  laser  narrowed 
and  tuned  to  the  filter  passband  by  a  reflection  grating.  Even  then  DZZ-FP: 
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Fig.  7  Single-pass  gain  of  DZZ-FPL  as  a  function  of  input  energy. 
The  points  shown  were  derived  from  oscillator  thresholds 
with  varying  cavity  loss. 


fluorescence  represented  typically  30%  of  the  output  signal,  and  amplitude 

instability  between  pulses  greatly  complicated  the  data.  The  data  taken  at 

500  J  indicated  that:  g  £  is  probablv  about  0.3  but  certainly  within  the  range 

o 

between  0.15  +  0.50,  as  compared  with  the  value  obtained  from  the  oscillator 
measurements  of  gQ£  =  0.315.  Although  further  refinement  of  the  experimental 
apparatus  could  provide  higher  accuracy,-  these  results  were  considered  adequate 
confirmation  of  the  small-signal  gain  measured  as  an  oscillator. 

C.  Oscillator  Beam  Size  and  Divergence 

The  laser  beam  emanating  from  the  DZZ-FPL  oscillator,  in  the  same  con¬ 
figuration  as  discussed  in  the  previous  section,  was  examined  within  the  range 
of  input  energy  that  corresponded  to  linearly  increasing  output  100  mJ)  where 
the  laser  beam  size  appeared  to  fairly  constant.  The  laser  beam  size  and  shape 
in  the  near  field  were  studied  by  photographing  the  graph  paper  upon  which  the 
beam  was  incident  with  varying  attenuation  in  front  of  the  camera.  The  power 
in  each  laser  pulse  photographed  was  monitored  and  only  those  shots  with  the 
same  output  power  were  compared.  Unless  the  saturation  behavior  of  the  film 
is  well  known,  a  densitometer  trace  of  a  supposedly  unsaturated  single-pulse 
pattern  is  unreliable.  Assuming  that  the  saturation  intensity  is  constant 
for  the  Polaroid  Type  107  film,  the  edge  of  saturation  represents  a  contour  of 
constant:  intensity  which  can  be  compared  with  similar  contours  on  photographs 
taken  with  more  or  less  attenuation.  These  contours  are  shown  in  Fig.  8,  where 
only  the  relative  values  of  the  contours  are  meaningful. 

As  can  be  seen  from  Fig.  8,  the  laser  beam  shape  is  fairly  radially  symmetric. 

Furthermore,  if  the  relative  intensity  is  plotted  versus  distance  along  the 

vertical  cross-section  shown,  the  radial  variation  of  the  intensity  closely 

2  2 

matches  a  Gaussian,  I(r)  =  Ioexp(-2r  /w  )/  with  w  =  1.24  cm  providing  the  best 

fit.  Thus,  80%  of  the  energy  lies  within  a  circle  of  diameter  2.22  cm.  The 

usual  criterion  for  a  Gaussian  beam  "fill"  a  laser  medium  is  that  w  ^  D/3; 

for  the  DZZ-FPL  with  D  --  3  cm  that  criterion  is  well  satisfied.  [it  should  be 

emphasized  that  the  DZZ-FPL  output  is  not  a  single  transverse  (TEM  )  mode, 

00 

which  would  have  a  Gaussian  distribution  with  w  =  0.0581  cm  for  this  cavity, 

o  ?  2 

but  consists  of  many  transverse  modes,  on  the  order  of  {1 .24/C. 0581)  =  (21.3)  = 

456,  whose  superposition  is  approximately  Gaussian.]  Because  the  output  spot  is 
not  a  3  cm  square  of  constant  intensity,  some  of  the  power  present  in  the  inver¬ 
sion  is  not  being  utilized,  end  the  outpu*  efficiency  is  accordingly  reduced  by 
the  ratio  of  the  oscillating  area  to  cue  total  DZZ-FPL  aperture: 


*30 


2  2 

H  ™  /^)/D  =  0.216.  The  modes  required  to  fill  out  the  remainder  of  the 

square  apex  cure  apparently  suffer  too  much  diffraction  loss  to  oscillate.  The 
situation  might  be  improved  by  using  mirrors  of  larger  aperture  or  longer  radius 
of  curvature  or  simply  by  pumping  a  smaller  aperture  DZZ-FPL. 

The  DZZ-FPL  beam  divergence  was  determined  by  passing  the  beam  through  a 
lens  with  a  long  focal  length  onto  a  graph-paper  screen  placed  in  the  focal  plane 
of  the  lens,  as  shown  in  Fig.  9,  except  that  the  microscope  objective  was  not 
needed  for  magnifying  the  image.  The  pattern  in  this  focal  plane  represents 
the  far-field  propagation  angles  according  to  r  =  f  0,  as  can  be  shown  rigor¬ 
ously  both  for  a  TEMQ0  mode  and  for  a  plane  wave  through  a  circular  aperture 
(Airy  pattern) .  The  divergence  pattern  was  photographed  with  varying  attenua¬ 
tion  before  the  camera,  and  the  output  power  monitored  as  in  the  previous 
measurement  of  beam  size.  The  divergence  pattern  was  radially  symmetric  to 
about  the  same  degree  as  the  near-field  pattern  (see  Fig.  8) .  About  80%  of 
the  laser  power  was  contained  within  a  circle  of  diameter  1.8  cm;  therefore  80% 
of  the  laser  power  is  emitted  into  far-field  divergence  half-angles  (measured 
from  the  optical  axis  to  the  direction  of  propagation)  of  7.4  mrad.  One  way 
of  viewing  this  result  is  to  compare  it  with  the  far-field  diftraction  angle  of 
a  TEMqq  mode  of  the  same  spot  size  at  its  waist,  in  this  case  wq  =  1.24  cm,  for 

which  0  =  A  /irw  =  0.0153  mrad;  the  DZZ-FPL  oscillator  accordingly  operates  at 
o  o 

480  times  "diffraction-limit".  A  second  interpretation  is  to  compare  it  with 
the  fer-field  divergence  angle  of  the  mode  for  this  oscillator  cavity,  which 

is  0.326  mrad,  so  we  can  loosely  say  that  there  are  about  (7.4/0.326)2  =  (22. 7)2 
515  transverse  modes  osci'  lating;  this  result  agrees  well  with  a  similar  compari¬ 
son  between  near-field  spot  sizes  that  suggests  455  transverse  modes,  as  discussed 
above • 
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Fig.  9  Apparatus  for  measuring  beam  divergence  and  optical  distortion. 
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IV.  DZZ-FPL  OPTICAL  DISTORTION  IN  REPETITIVELY  PULSED  OPERATION 


The  principal  advantage  of  the  dye  Zig-Zag-FPL  configuration  over  the 
conventional  cylindrical  dye  ceil  configuration  is  the  expected  large  reduc¬ 
tion  of  optical  beam  distortion  even  at  moderate  repetition  rates  (*v  10  pps) . 

The  reduction  of  distortion  is  due  to  two  inherent  features  of  the  DZZ-FPL. 

First,  the  optical  configuration  plus  the  uniform  face  pumping  ensure  that 
thermal  heating  and  optical  gain  are  uniform  over  the  aperture  during  each 
pulse.  Thus  each  ray  propagating  parallel  to  the  optical  axis  sees  the  same 
optical  and  thermal  environment.  Second,  the  optical  configuration  also  leads 
to  partial  self-canceling  of  cumulative  thermal  effects  of  previous  pulses. 

That  the  thermal  effects  largely  cancel  during  a  pulse  is  demonstrated  by  the 
absence  of  any  distortion  for  about  the  first  twenty  pulses  wner.  the  DZZ-FPL 
is  operated  with  the  dye  solution  not  flowing.  Nor  could  any  distortion  be 
observed  when  the  DZZ-FPL  was  operated  at  2  pps  for  several  miniites  with  tne 
solution  flowing.  The  only  thermal  effect  which  was  observed  is  a  distortion 
during  the  interval  between  pulses  when  tne  dye  solution  heated  by  the  pulse 
is  being  replaced  by  cool  dye  solution.  Operation  during  the  dye-exchange  period 
would  have  considerable  distortion.  At  the  present  dye  flow  rate  this  puts  a 
limit  on  the  pulse  rate  cf  about  7  pps. 

The  optical  beam  distortion  properties  .he  DZZ-FPL  were  examined  using 
an  expanded  collimated  He-Ne  laser  beam  at  633  nm.  For  these  measurements  the 
DZZ-FPL  operated  with  500  joules  into  the  flashlamps  at  repetition  rates  up  to 
2  pps,  the  highest  repetition  rate  for  which  the  flashlamps  and  spark  gaps  then 
in  place  would  fire  consistently.  The  output  beam  of  the  Spectra-Physics  Model 
120  He-Ne  laser  was  checked  to  be  single-mode  (TEM^) .  This  beam  was  focused, 
spatially  filtered  through  a  6.8  urn-diameter  aperture,  expanded,  and  collimated 
by  a  commercial  Spectra-Physics  telescope.  After  being  stopped  down  by  a  variable 
aperture,  the  beam  traversed  the  DZZ-FPL  along  its  optical  axis.  No  distortion, 
such  as  thermal  lensing,  was  observed  in  the  near- field  pattern  projected  on  a 
screen  a  short  distance  after  the  DZZ-FPL  for  any  repetition  rate  up  to  2  pps  for 
operating  periods  up  to  5  minutes. 

The  far- field  diffraction  pattern  was  examined  using  the  apparatus  shown 
in  Fig.  9.  The  far-field  p  ttern ,  which  appears  in  the  focal  plane  of  the  first 
lens,  is  magnified  by  the  microscope  objective  and  prelected  on  a  screen.  For 
collimated  light  incident  upon  the  ~irst  aierture,  this  pattern  is  tne  familiar 
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Airy  pattern,  consisting  of  rings  surrounding  a  central  bright  disk  of  radius 
(to  the  first  minimum)  R  =  9  f ^  M  =  (1.22  A/d)  f  M,  where  8  is  the  beam- 
divergence  half- angle,  M  is  the  magnification  due  to  the  microscope  objective, 
ari'  d  is  the  diameter  of  the  first  aperture.  In  practice,  the  diameter  of  the 
first  aperture  had  to  be  d  ^  0.6  cm  to  prevent  distortion  of  the  Airy  pattern 
into  a  cross  due  to  aberrations  in  the  telescope.  With  this  setup,  any  thermal 
distortion  by  the  DZZ-FPL  would  change  the  size  or  shape  of  the  central  Airy 
disk. 

With  the  DZZ-FPL  firing,  the  only  change  in  the  Airy  pattern  that  could  be 
seen  visually  was  a  very  faint  upward  (in  the  direction  of  the  fluid  flow) 
bouncing  of  the  entire  pattern  on  each  pulse.  This  bouncing  was  independent 
of  repetition  rate  and  proportional  to  lamp  energy.  It  could  be  eliminated  by 
blocking  the  pump  light  from  the  lamps.  During  the  flashlamp  pulse  the  temperature 
of  the  dye  within  the  channels  increases  nearly  uniformly  due  to  the  nonradiative 
energy  transitions.  Then  the  dye  flow  forces  fresh  cool  dye  into  the  channels 
from  the  reservoir  below,  leading  to  a  vertical  variation  of  dye  temperature 
within  the  channel.  Since  the  index  of  refraction  of  ethanol  nas  a  negative 
temperature  coefficient,  He-Ne  rays  traversing  the  warmer  dye  near  the  top  of 
the  DZZ-FPL  travel  faster  than  those  near  the  bottom,  so  that  the  phase-front 
is  tilted  downward.  The  direction  of  the  bounce  is  inverted  by  the  microscope 
objective  and  appears  as  an  upward  deflection  of  the  Airy  pattern.  The  magni¬ 
tude  of  the  observed  deflection  was  measured  to  be  ^  1. 35  x  10  ^  radian.  Since 
the  bouncing  is  caused  by  the  dye  flow,  it  should  disappear  when  the  dye  flow 
is  stopped,  as  was  experimentally  verified.  (With  no  dye  flow  the  only  distor¬ 
tion  is  thermal  cylindrical  lensing  which  sets  in  after  't  20  pulses  at  1  pps.) 

The  time  behavior  of  the  bouncing  was  observed  by  placing  a  small-aperture 
photodiode  at  the  12  o'clock  minimum  of  the  Airy  pattern.  The  signal  that  was 
observed  became  noticeable  about  40  msec  after  the  flashlamp  pulse,  grew  in 
intensity  for  40-60  msec  and  disappeared  about  140  msec  after  the  flashlamp 
pulse.  The  total  duration  of  140  msec  correlates  well  with  the  independently 
measured  dye  pumping  rate  which  produces  dye  exchange  in  130  msec.  It  must  be 
emphasized  that  for  repetition  rates  below  the  reciprocal  of  the  dye-exchange 
time,  i.e.,  below  7  pps,  the  bouncing  distortion  in  no  way  affects  the  operation 
of  the  DZZ  either  as  an  oscillator  or  as  an  amplifier,  since  the  optical  pulse 
is  completed  long  before  the  distortion  becomes  appreciable.  The  limit  this 
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V.  REPETITIVELY  PULSED  ONE-WATT  DZZ-FPL  OSCILLATOR 


Based  upon  our  earlier  measurements  of  single-pulse  oscillator  output  power 
and  of  the  absence  of  distortion  at  a  repetition  rate  o:'  2  pps,  we  might  expect, 
and  we  have  achieved,  average  power  output  in  the  vicinity  of  1W  for  a  repetitively 
pulsed  DZZ-FPL  oscillator.  For  this  demonstration  we  installed  new  flashlamps, 
cleaned  all  the  optical  surfaces,  and  cleaned  the  single  sparkgap  used  for  trig¬ 
gering  the  flashlamps.  With  only  one  sparkgap,  the  highest  repetition  rate  at 
which  consistent  triggering  could,  be  obtained  was  3  pps.  A  CRL  Model  205 
Thermopile  Power  Meter  monitored  the  average  output  power  oj.  the  DZZ-FPL 
oscillator  as  the  flashlamp  power  supply  voltage  was  slowly  increased.  The 
output  power  was  quite  stable  at  any  supply  setting  and  rose  quite  smoothly  as 
the  flashlamp  energy  was  increased,  up  to  an  output  power  level  of  1.05  W,  at 
which  point  the  sparkgap  began  to  self-trigger .  The  energy  into  the  flashlamps 
at  the  1W  output  power  level  was  about  600  J.  Extrapolating  the  data  of  Fig.  6 
to  600  J  input,  we  would  expect  about  300  mJ  output  in  a  single  pulse.  Thus 
our  measurement  of  this  same  output  energy  per  pulse  when  operating  at  a  repeti¬ 
tion  rate  of  3  pps  is  a  strong  indication  of  the  lack  of  distortion  with  the 
DZZ-FPL.  We  observed  operation  at  the  1W  level  for  about  a  minute,  but  we  could 
reasonably  expect  1W  operation  for  the  entire  lifetime  of  the  flashlamps,  about 
104  to  105  pulses,  or  about  1  to  10  hours  at  3  pps. 
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V.  REPETITIVELY  PULSED  ONE-WATT  DZZ-FPL  OSCILLATOR 


Based  upon  our  earlier  measurements  of  single-pulse  oscillator  output  power 
and  of  the  absence  of  distortion  at  a  repetition  rate  o:'  2  pps,  we  might  expect, 
and  we  have  achieved,  average  power  output  in  the  vicinity  of  1W  for  a  repetitively 
pulsed  DZZ-FPL  oscillator.  For  this  demonstration  we  installed  new  flashlamps, 
cleaned  all  the  optical  surfaces,  and  cleaned  the  single  sparkgap  used  for  trig¬ 
gering  the  flashlamps.  With  only  one  sparkgap,  the  highest  repetition  rate  at 
which  consistent  triggering  could  be  obtained  was  3  pps.  A  CRL  Model  205 
Thermopile  Power  Meter  monitored  the  average  output  power  oi  the  DZZ-FPL 
oscillator  as  the  flashlamp  power  supply  voltage  was  slowly  increased.  The 
output  power  was  quite  stable  at  any  supply  setting  and  rose  quite  smoothly  as 
the  flashlamp  energy  was  increased,  up  to  an  output  power  level  of  1.05  W,  at 
which  point  the  sparkgap  began  to  self-trigger .  The  energy  into  the  flashlamps 
at  the  1W  output  power  level  was  about  600  J.  Extrapolating  the  data  of  Fig.  6 
to  600  J  input,  we  would  expect  about  300  mJ  output  in  a  single  pulse.  Thus 
our  measurement  of  this  same  output  energy  per  pulse  when  operating  at  a  repeti¬ 
tion  rate  of  3  pps  is  a  strong  indication  of  the  lack  of  distortion  with  the 
DZZ-FPL.  We  observed  operation  at  the  1W  level  for  about  a  minute,  but  we  could 
reasonably  expect  lw  operation  for  the  entire  lifetime  of  the  flashlamps,  about 
10^  to  10^  pulses,  or  about  1  to  10  hours  at  3  pps. 
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VI.  PERFORMANCE  ANALYSIS 


In  this  section  we  present  theoretical  expressions  for  gain  and  efficiency 
applicable  to  the  DZZ-FPL  configuration,  and  make  comparisons  with  our  experi¬ 
mental  results.  A  gain  expression  derived  from  fundamental  laser  principles 
indicates  how  device  performance  scales  with  various  DZZ-FPL  parameters.  When 
compared  with  our  measured  gain,  it  provides  information  on  the  inversion  effi¬ 
ciency  (the  power  availabl  in  the  inversion  divided  by  the  electrical  power  into 
the  flashlamps) ,  as  does  the  experimentally  determined  slope  efficiency.  Per¬ 
formance  of  the  DZZ-FPL  as  a  large-signal  amplifier  is  projected  on  the  basis  of 
measured  efficiency  and  a  theoretical  expression  that  includes  the  effects  of 
saturation  and  absorption.  These  results  form  the  basis  for  the  recommendations 
of  the  next  section. 

First  we  define  symbols  representing  the  geometry  of  the  DZZ-FPL,  with 
reference  to  Fig.  1.  Let  n  be  the  number  of  dye  channels  (n  =  10  in  the  experi¬ 
mental  DZZ-FPL) .  The  (n--l)  clear  45O-45°-90°  prisms  have  height  (in  the  plane 
of  the  flashlamps)  D,  base  2D,  and  thickness  (normal  to  the  flashlamp  plane) 
rt,  with  D  =  w  =  j  cm  in  the  experimental  DZZ-FPL.  The  dye  channel  spacing, 
normal  to  the  prism  surfaces,  is  g,  with  an  optimum  g  =  0.91  mm  determined  for 
our  DZZ-FPL.  Since  the  dye/ethanol  solution  nearly  index-matches  the  fused 
silica  prisms,  refraction  in  the  channels  can  be  neglected,  so  the  paths  for  the 
pump  light  and  for  the  laser  light  in  each  dye  channel  are  nearly  orth-^onal  and 
of  equal  length,  approximately  -f2g .  The  lamp  length  L  must  overlap  aix  the  dye 
channels,  so  L  =  n  (D  +  -/2g)  %  nD,  with  L  =  30  cm  for  the  experimental  DZZ-FPL. 
The  laser  path  length  through  all  channels  is  H  =45gh/ (D+V2g)  %  V?  gL/D;  with 
refraction  included  it  is  actually  about  8%  longer,  or  ~  =  .1.40  cm  for  the 
experimental  DZZ-FPL.  The  total  dye  volume  in  the  channels  is  V  =  gWDL/ 
(D+-fig)  %*|2g  WL;  V=11.65  cm^  for  the  experimental  DZZ-FPL. 

In  this  analysis  we  can  assume  uniform  pumping  and  hence  uniform  inversion 
with  complete  confidence.  With  the  conventional  cylindrical  geometry,  uniform 
pumping  ^s  a  poor  assumption  for  a  system  that  makes  efficient  use  of  its  pump 
lig,.t,  i.e.,  radius  comparable  to  the  1/e  absorption  length.  The  inversion 
density  across  each  dye  channel  of  the  DZZ-FPL  is  also  not  uniform,  but  no 
matter  what  the  true  inversion  profile  is,  the  symmetry  of  the  face-pumped 
laser  causes  the  gain  through  each  channel  expert  meed  by  each  ray  propagating 
parallel  to  the  optical  axis  to  be  identical  to  the-  gam  through  a  uniformly 
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inverted  channel.  That  is,  there  is  no  experiment  which  can  differentiate 
between  uniform  inversion  and  the  true  inversion  profile  of  the  DZZ-FPL.  Fur¬ 
thermore,  this  gain  is  constant  across  the  entire  DZZ-FPL  aperture,  as  was 

4 

demonstrated  by  Martin  and  Almasi  with  the  Nd: glass  Zig-Zag- FPL. 

With  uniform  inversion  density  in  the  dye  channels,  the  inversion  efficiency 
is  given  according  to  its  definition  by 


n. 

inv 


hv  V  AN/t 
o _ 

p 

elect 


where  V  is  the  frequency  of  oscillation,  AN  is  the  inversion  density,  T  is 
o 

the  lifetime  of  the  upper  laser  state,  and  P  is  the  elec'-rical  power  flow- 

6  xect 

ing  into  the  flashlamps.  The  inversion  efficiency  is  the  product  of  several 
component  efficiencies,  each  corresponding  to  a  step  in  attaining  the  inversion: 


n.  =  n,  n  ,  n  .  n  ,  . 

mv  lamp  spectral  pumping  shift 


where:  n  is  the  efficiency  of  the  flashlamp  in  converting  electrical  power 
lamp 

from  the  power  supply  into  light;  n  ,  is  the  fraction  of  light  from  the 

spectral 

flashlamp  that  falls  within  the  dye's  absorption  bands;  ri  .  is  the  fraction 

pumping 

of  spectrally  useful  light  that  is  actually  absorbed  in  the  dye  channels,  and 

is  determined  by  the  geometrical  arrangement  of  dye,  flashlamps,  and  reflections; 

n  hift  t^le  rati°  °f  the  laser  frequency  tc  the  average  pumping  frequency.  In 

the  analysis  that  follows,  estimates  for  n.  will  be  obtained  from  our  gain  and 

mv 

slope  efficiency  measurements.  However,  two  of  its  components  ^Spectrai  anc^ 

r|  .  can  be  readily  evaluated, 
shift 

From  the  absorption  spectrum  for  Rhodamine  6G  in  ethanol  published  by 
2 

Snavely  ,  the  mean  wavelength  of  absorption  is  509  nm,  so  for  oscillation  at 

595  nm,  0  ,  . -  ^  0.855.  The  spectral  efficiency  can  be  calculated  from  this 
shift 

absorption  spectrum,  dye  concentration,  channel  thickness,  and  knowledge  of  the 
spectral  output  of  the  lamps.  At  these  high  current  levels  the  spectral  output 
has  been  found  to  be  approximately  black-body  radiation  from  a  color  temperature 

*3  n 

determined  by  the  current  density,  T  =  K  J  .  For  our  lamps  we  calculate  T  ^ 

1.1  x  104  K,  resulting  finally  in  r>spectra^  %  °-12* 

The  net  gain  of  a  single-pass  laser  amplifier  is  given,  as  discussed  in  an 

earlier  section,  by  I  /I.  -  exp[  (g  -  a  )£].  By  convention  the  emission  cross- 

out  in  o  o 
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section  o  is  then  defined  by  g  =  C  A?<-  Unfortunately,  in  relating  the 
e  o  e 

emission  cross-section  (and  the  saturation  parameter,  which  will  be  of  interest 
shortly)  to  observable  parameters  or  the  laser  medium,  one  can  consult  n  author¬ 
ities  and,  after  sorting  out  the  N  different  terminologies,  arrive  at  H  different 
results,  differing  by  factors  of  2,  u,  n3  (index  of  refraction),  etc-  Having 
derived  it  rigorously  and  having  checked  its  agreement  with  the  most  trustworthy 
authorities,  we  submit  the  following  expression  for  emission  cross-section: 

Xo 

a  -  - - — - -  for  the  center  of  a  Lorentzian  lineshare 

G  .  2  Z  »  ■» 

4tt  n  c  AX  x  , 
rad 


X"  E (A  ) 
o  o 


8  tt  n  c  T 


CC 

for  a  dye  laser  with  J E(X)dX=0 

o 


where  A^  is  the  wavelength  of  oscillation,  AX  the  half -power  linewidth  of  the 

fluorescence,  and  T  ,  =  t/0,  where  0  is  the  quantum  efficiency.  The  line-shape 
rad 

factor  E(A)  was  determined  experimentally  by  Snavely^  foi  Rhodamine  6G  in  ethanol, 

6 

with  E(595  nm)  =  4.55  x  10  m  .  Therefore  the  gain  coefficient  for  the  DZZ-FPL 
configuration  is 


g  r  a  An 
o  e 


X5  E(A  )  n.  P  .  . 

o  o  inv  elect 

„  2  2 
8  tt  n  c  h  V 


X'  E(X  )  T).  P  .  . 

o  o  inv  elect 

8  TT  n2  c^  h  ( <^2gWL) 


We  note  also  that  the  single-pass  gam  factor,  g  £,  is  independent  of  g  and  L: 

o 


0  X  E(X  )  n.  P  .  „ 

g  i  =  o  o  inv  elect 

°  - r~i - 

8  TT  n  c  h  W  D 


We  now  compare  this  expression  for  the  gain  coefficient  with  the  experi¬ 
mentally  measured  gain,  g  =  0.226  cm  1 .  With  500  J  into  the  lamps  in  an  8  Msec 

°  7 

pulse,  Pelecfc  (peak)  =  6.25  x  10  W.  The  index  of  refraction  of  ethanol  is  n  = 

1.36,  and  the  wavelength  was  1  =  595  nm.  Tnerefore,  to  achieve  g  =  0.226  cm  1 

o  o 

with  this  system  implies  n.  =  0.0345  (3.45%),  which  is  a  quite  reasonable  value. 

mv 
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The  slope  efficiency  of  a  laser  oscillator  is  also  relates!  to  tr&e  lawessifijc 
efficiency-  «  flasfcl amp-pongee  eye  laser,  for  which  the  qgper- state  lifetime  of 
5  nsec  is  noth  shorter  than  the  flesnlamp  poise— width  of  I®  tsee,  is  actually 
operating  qnasi-or,  so  tee  relevant  slope  efficiency  relates  the  laser  peal  out¬ 
sat  sewer  to  the  seal  electrical  never  ?  _  .  This  instantaneous  slcoe  effr- 

erect 

deucy  for  the  experimental  DZZ-r?L  is  0.123%'.  It  is  related  to  the  inversion 
efficiency  according  to 

r.  =  rE.  rj  n 

slope  mv  output  aperture 


where  n  .  ,  the  ratio  of  outout  couoling  cavity  loss  to  total  cavitv  loss, 
output  ' 

eauais  G.564  and  rj  ,  the  ratio  of  the  oscillatin'?  area  to  the  total  DZZ- 

aperture 

FPL  aperture,  equals  0-216  as  discussed  in  the  section  on  oscillator  bean  size. 

These  values  then  indy  that  rj.  =  0.01C1  (1.01%).  The  rather  large  discrepancy 

*  mv 

between  the  inversion  efficiency  values  indicated  by  these  two  measurements  may 
be  due  to  the  different  laser  operating  conditions  under  which  these  measurements 
were  made,  such  as  a  shift  in  oscillation  wavelength  between  threshold  and  the 
linear  region,  or  perhaps  multi-mode  complications  that  this  theory  does  not 
account  for.  On  the  other  hand,  some  of  the  discrepancy  may  be  simply  experi¬ 
mental  inaccuracy;  for  example,  a  shift  in  oscillation  wavelength  of  only  10  nm 
changes  E (A >  by  nearly  a  factor  of  2.  At  any  rate,  the  true  value  for  the 
inversion  efficiency  is  somewhere  between  these  values,  probably  near  2%. 

According  to  the  earlier  discussion  about  the  components  of  the  inversion 

efficiency,  we  therefore  may  infer  that  ri  0  %  0.20,  which  is  a 

J  lamp  pumping 

reasonable  value  considering  that  most  flashlamps  are  about  50%  efficient  and 
pumping  cavities  are  typically  40-60%  efficient. 

The  DZZ-FPL  is  expected  to  be  used  primarily  as  a  large-aperture  low- 
distortion  amplifier.  The  low  small-signal  gain  of  the  present  unit  discourages 
its  use  as  a  small-signal  amplifier;  for  this  application  a  conventional  cylin¬ 
drical  dye  amplifier  or  a  scaled-down  version  of  the  DZZ-FPL,  as  will  be  discussed 
in  the  next  section,  would  be  more  appropriate.  But  as  a  large-signal  amplifier 
the  DZZ-FPL  could  add  several  joules  of  energy  to  a  dye  laser  pulse  with  high 
efficiency.  Here  we  present  theoretical  predictions  for  the  operation  of  the 
DZZ-FPL  as  a  large  signal  amplifier,  with  gain  saturation  and  loss  taken  into 
account . 
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This  equation  reduces  to  the  conventional  gaii  expression  considered  earlier  when 

I  «  I  .  The  solution  of  this  equation  for  I{z)  is  a  transcendental  expression 
S3t 

that  can  only  be  evaluated  numerically: 


+  p  fin  ( 


p  -  1  -  I(0)/Ie 

{p  -  }.  -T(zT/T 


)  =  (o-l)a  z 
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where  p  =  — 

a 

o 


n.  p  ,  . 

inv  elect 

a  fiWD  I 
o  sat 


is  the  pimping  parameter. 


Figure  10  shows  the  growth  of  the  optical  beam  for  various  input  intensity 

levels  as  it  propagates  along  a  DZZ-FPL  amplifier  characterized  by  the  same  loss 

coefficient  (a  =  0.06  cm  *)  and  pump  power  per  unit  length  (p  =  3.80)  as  our 
o 

experimental  DZZ-FPL  operating  at  500  J  and  A  =  595  nm.  The  output  intensity  from 

an  infinitely  long  amplifier  with  constant  pump  power  per  unit  length  (which 

would,  of  course,  require  infinite  electrical  power),  or  equivalently  from  a 

large  number  of  identical  amplifiers  in  cascade,  does  not  approach  infinity,  but 

approaches  a  finite  limiting  intensity  I  («>)  =  I  ip-1) ,  due  to  the  effects  of 

sat 

saturation  in  reducing  the  gain  to  where  it  just  balances  the  loss.  The  optical 

path  length  of  the  experimental  DZZ-FPL,  indicated  at  £  =  1.4  cm,  is  considerably 

shorter  than  one  distance  at  which  saturation  is  approached  for  1(0) /I  ^  <<  1, 

sat 

as  expected  due  no  the  low  gain  of  the  experimental  version.  Therefore  its 
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I(Z)/I 


H.4  Z,  cm 


Fig.  10  Single-pass  laser  amplification  including  n.  ~  "ect3  of 
saturation  and  loss,  showing  intensity  versu..  .'engfch  for 
various  incident  intensities. 
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can  ostrar  be  greater  than  true  irraersicE  efficiency,  sac  cdy  with  high  gaits  (large 


p)  anas  it  approach  this  litre. 


For  car  esnerical  ex££®2s?  at  A  =  595  tar,  with  T  =  5.5  nsec,  <5  (595  nm)  = 

-17  2  2  S 
7.43  x  10  cat  sad  I  *555  ivtr)  =0.32  SffiT /os  .  With  the  5  trsec  long  ©erect 

sat  2 

frctoB  the  flashlacc^-paitred  oscillator  or  preanpirrrer  exrandac  to  9  cm  area,  our 


DZ2-FF1  amplifier  wotild  rewire  for  efficient  ore  ration  1(0)  =  I 


or  E(0)  = 


36.8  J;  at  this  level  is  would  add  2.8  3  to  the  pulse.  From  the  efficiency 


curve  of  Fig.  11  this  DZZ-FFI,  can  still  add  1.4  J  to  the  pulse  for  input  as 
low  as  2  (0)  =  13.  "Thus,  owing  to  the  high  saturation  intensity  of  dye  lasers 
and  to  the  large  aperture  and  low  gain  of  the  present  DZZ"P?L,  its  use  a-  an 
anplifiar  is  probably  United  to  high  input  energy  applications.  In  the  con¬ 
cluding  section  we  will  discuss  alternative  DZ2-FPL  configurations  which  extend 
its  usefulness  as  an  amplifier  at  low  input  energies. 
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Fig.  11  DZZ-FPL  amplifier  efficiency,  normalized  to  inversion  efficiency, 
as  a  function  of  incident  intensity. 
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«be-  casniEsictES  2m 

2=  t±as  warS:  W£  baa*  dam3c^cr$r&£  s5»  cptErasi-aa  «?f  tfse  <£**■  Zig-Zag-raca- 
Jacftf  Ea^ar.  US*  arcffi^stiar-  yasamecsrs  <s£  the  devsss  mwsrsjnarced  Vfsze  oociaaaaS 
inrfer  saasite-seSs*  ec&zszj&c.  ss  a  i&sar  earilSa^wr.  I&s  «aii,  less,  ami  •vsssc/t 
-ewer  cfskrarcsrarz-irs'  of  s£e  SCZ— ??2.  oscfllacsr-  weea  measczai  ami  oo’rrElat&d 
wacb:  dbssrecmral  eacatcraf  icms .  Ste  bscm-basm  entir-al  distcrtiets  was  ocssr^ 

«b£2  tSe  orit  ccerarec  sr  2  eras  for  several  srimrees.  Tbs  only  visible  distcrcism 
occurred  after  eag  laser  prise  wrtile  rise  dye  £es  the  enamels  was  helms  replaced,; 
the  Eecetitios  race  i&naLt  thereby  imposed  car  be  rai  :».d  by  lary:.asiac  the  dye 
flew  rate-  Tfee  smell-sigma 1  gain  ceriormamce  of  tear  OZZ-FPL  as  am  amplifier  was 
confirmed  in  a  separate  exter-imest.  Amplifier  performance  with  signals  approach¬ 
ing  the  satsraties  level  and  srolifier  efficiency  were  analyzed.  It  is  expected 
that  the  present  aZZ-F-L  is  most  useful  as  an  anplifier  when  the  input  optical 
signal  contains  several  joules  of  energy - 

as  recommendations  for  future  work,  we  consider,  with  the  aid  of  the 
theory  of  the  previous  section,  the  possibilities  of  alternative  DZZ-F?L  con¬ 
figurations  that  might  be  core  useful  as  oscillators  or  low-level  amplifiers - 
For  both,  it  appears  advantageous  to  reduce  one  or  both  dimensions  of  the  aperture 
and  to  consider  multiple  passes.  In  particular,  we  consider  three  optical  passes, 
each  with  a  1  x  1  cm  aperture,  through  a  DZZ-FPL  with  D  =  1  cm  and  w  =  3  cm  (see 
Fig.  1)  Since  the  area  facing  the  flashlamps  is  the  same  as  in  the  present  3  x  3  cm 

unit,  the  inversion  efficiency  n.  is  the  same  if  the  channel  thickness  and 

rnv 

concentration  are  the  same.  Furthermore  the  gain  coefficient  gQ  is  the  same  for 
the  same  flashlamp  power.  However,  reduction  of  D  by  3  at  constant  L  requires  3 
times  more  channels  (and  3  times  more  prisms) ;  considering  also  the  three-pass 
optical  folding,  the  total  increase  in  active  dye  length  is  a  factor  of  9. 

As  an  oscillator  this  configuration  would  offer  the  following  advantages: 

•  The  smaller  aperture  and  multiple  passing  should  provide  uniform  intensity 

2 

over  the  entire  lxl  cm  beam  area,  with  rlaperfcure  thereby  approaching 
unity  and  slope  efficiency  increasing  accordingly; 

•  The  longer  active  dye  lergth  should  reduce  threshold  to  the  limit 
dictated  by  self-absorption  losses  (A,  130  J)  and  may  permit  larger 
output  couplin.'; 
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-  Laws r  dy»  casccggstrafcioai  might  reshice  sei i-absorption  losses  with  little 
erccch  sacrifice  in  inversion  efficiency  to  farther  reds.ce  threshold  and 
increase  slope  efficiency  - 

5s  a  small-signal  amplifier,  the  inprovgneats  ere  even  more  significant: 

-  The  longer  dye  path  length  with  the  sane  gain  and  absorption  coefficients 

should  provide  a  sen stentia!  improvement  in  net  snail-signal  gain,  from 

I  /I.  =  1-276  to  I  /!.  =3-30  {5-2  cb); 

ossfc  m  oat  m 

*  The  longer  path  length  is  also  substantially  closer  to  the  length  required 
for  the  ootpat  signal  to  be  ay  reaching  the  saturation  limit,  so  that 
reasonable  amplifier  efficiency  would  be  achieved  with  a  lower  input. 

—  T 

intensity  (I (0)/!^  10  ')  and  the  peak  amplifier  efficiency  is  highe> , 

-  The  9  tines  lower  beam  area  required  for  the  input  beam  to  this  amplifier 
maid  also  serve  to  reduce  the  inpat  beam  energy  required  for  efficient 
operation,  from  36.8  J  to  about  400  nJ  when  these  latter  two  effects  are 
considered-  The  combination  of  two  of  these  3-pass,  1x3  cm  DZZ-FPL  units, 
the  first  as  an  efficient  oscillator  with  400  mJ  output,  the  second  as 

an  efficient  medium- power  anplifier  capable  of  adding  about  1.6  J  no  the 
pulse,  would  be  an  attractive  package  for  producing  2  J  tunable  dye  laser 
pulses  at  a  repetition  rate  of  5  pps. 
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